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Abstract 

Low  temperature  (-85  °C)  photolysis  of  complexes  of  the  type  5yn-M(NR)(CHR')(OR")2  (where 
M  =  Mo  (usually)  or  W;  R  =  2,6-J-Pr2C6H3,  4-Br-2.6-i-Pr2C6H2,  2,6-Me2C6H3,  2-t-BuC6H4,  2- 
/-PrC6H4.  1-adamantyl;  R'  =  CMe3,  CMe2Ph;  OR"  =  OCMe3,  OCMe2(CF3),  OCMe(CF3)2, 
0C(CF3)3,  0C(CF3)2(CF2CF2CF3),  0-2,6-i-Pr2C6H3 )  in  thf-dg,  toluene-dg,  or 
methylcyclohexane-di4  generated  significant  quantities  of  the  anti  rotamer.  Anti  to  syn 
isomerization  rate  constants  (ka/s)  were  determined  by  NMR  methods  and  correlated  with  the 
nature  of  R,  R',  R",  and  the  solvent.  Activation  parameters  were  calculated  in  toluene-dg  and  thf- 
dg  for  the  series  Mo(N-2,6-J-Pr2C6H3)(CHCMc2Ph)(OR")2  (where  OR"  =  OCMe2(CF3), 
OCMe(CF3)2,  OC(CF3)3,  or  OC(CF3)2(CF2CF2CF3)).  An  estimate  of  ka/s  for  Mo(N-2,6-/- 
Pr2C6H3)(CHCMe2Ph)(OCMe3)2  at  25  °C  was  obtained  using  activation  parameters.  Values  for 
ka/s  were  found  to  vary  by  up  to  seven  orders  of  magnitude  (at  298K),  the  smallest  values  for  ka/s 
being  found  in  complexes  that  contain  the  most  electron-withdrawing  alkoxides  in  thf  as  a 


solvent.  Ec,..ilibrium  constants  (Kcq  =  kg/s/ks/a)  at  25  “C  were  obtained  from  500  MHz  *H  NMR 
spectra  and  found  to  vary  by  up  to  approximately  two  orders  of  magnitude.  Values  for  kj/a  at 
298K  were  calculated  and  found  to  vary  by  up  to  six  orders  of  magnitude  in  the  same  direction  as 
ka/s-  2,3-Bis(trifluoromethyl)norbomadiene  (NBDF6)  was  added  to  photolyzed  initiators  of  the 
type  Mo(NR)(CHR')(OR")2  (where  R  =  2,6-i-Pr2C6H3,  2-r-BuC6H4,  1-adamantyl;  R’  =  CMe3, 
CMe2Ph;  OR"  =  OCMe2(CF3).  OCMe(CF3)2.  OC(CF3)2(CF2CF2CF3))  in  toluene-dg  and  thf-dg 
at  temperatures  where  the  rate  of  isomerization  of  anti  rotamers  to  syn  rotamers  was  negligible. 
The  anti  rotamer  of  Mo(N-2,6-/-Pr2C6H3)(CHCMe2Ph)[OCMe(CF3)2]2  was  found  to  be  at  least 
two  orders  of  magnitude  more  reactive  than  the  syn  rotamer  in  thf-dg  and  in  toluene-dg.  Results 
were  similar  for  other  complexes  containing  an  arylimido  ligand.  The  anti  rotamer  of  every 
complex  containing  an  arylimido  ligand  reacted  with  NBDF6  to  yield  a  syn  first  insertion 
product  that  contained  a  trans  C=C  bond  (anti— »syn,trans)  and  the  syn  rotamer  produced  a  syn 
first  insertion  product  that  contained  a  cis  C=C  bond  (syn->syn,cis).  For  Mo(N-l-adamantyl)- 
(CHCMe2Ph)[OCMe(CF3)2]2  both  anti  and  syn  isomers  reacted  at  approximately  the  same  rate 
with  NBDF6;  anti  yielded  a  syn.trans  first  insertion  product  (anti-»syn, trans);  but  syn  yielded  an 
anti, trans  first  insertion  product  (syn— »anti,trans).  The  result  of  bulk  polymerizations  (40-100 
equiv  of  NBDF6)  at  25  °C  suggest  a  relationship  between  alkylidene  rotamer  isomerization  rates 
and  polymer  cis/trans  content  when  the  initiator  contains  an  arylimido  ligand;  high-cis  polymers 
are  formed  when  rotamer  isomerization  rates  are  negligible  on  the  time  scale  of  polymerization, 
while  high-trans  polymers  are  obtained  when  rotamer  isomerization  rates  are  fast  on  the  time 
scale  of  polymerization.  A  mechanism  is  proposed  for  formation  of  cis  polymers  that  consists  of 
olefin  attack  (through  the  exo  face)  on  the  CNO  face  of  the  syn  rotamer  of  the  catalyst  with  C7  of 
the  monomer  extending  over  the  arylimido  ring.  Two  plausible  mechanisms  for  forming  trans 
polymers  are  (i)  a  similar  monomer  approach  to  the  CNO  face  of  anti  rotamers,  or  (ii)  monomer 
approach  to  the  COO  face  of  the  catalyst  in  which  the  alkylidene  ligand  has  rotated  by  up  to  90*. 
Bulk  polymerizations  with  the  l-adamantylimido  initiator  containing  OCMe(CF3)2  ligands  do 
not  yield  trans  or  cis  polymer  selectively. 
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INTRODUCTION 

In  the  last  few  years  well-defined  metathesis  catalysts  of  the  general  type 
M(NR)(CHR')(0R")2  (M  =  Mo  or  W)*  have  proven  useful  in  a  variety  of  olefin  metathesis 
studies,  in  part  because  the  activity  of  the  catalysts  can  be  varied  systematically  by  altering  the 
electron-withdrawing  ability  of  the  alkoxides.  Complexes  containing  r-butoxides  (OCMes  and 
OCMe(CF3)2  in  particular),  an  arylimido  ligand  (often  NAr,  where  Ar  =  2,6-/-Pr2C6H3),  and 
molybdenum^"^  have  been  the  most  versatile.  In  the  area  of  ring-opening  metathesis 
polymerization  (ROMP)^'^  molybdenum  complexes  have  been  employed  most  often  to  prepare 
polymers  from  a  variety  of  norbomenes  and  norbomadienes.*  ’^  Molybdenum  complexes  appear 
to  tolerate  a  wide  range  of  functionalities,  are  stable  and  active  in  a  variety  of  solvents,  and  have 
been  shown  to  produce  polymers  that  are  virtually  all  trans  and  highly  tactic'®  or  all  cis  with  a 
tactic  bias  of  -75%.'^  Since  polymer  properties  should  vary  dramatically  with  the  degree  of 
regularity  of  the  primary  polymer  structure,  the  latter  findings  suggest  that  we  may  be  able  to 
learn  how  to  control  the  primary  structure  of  ROMP  polymers  in  a  systematic  fashion  and 
therefore  how  to  control  polymer  properties. 

Alkylidene  rotational  isomers  or  rotamers  (eq  1)  are  found  for  many  high-oxidation  state 
alkylidene  complexes. Rotamers  result  from  a  limitation  in  the  number  of  accessible  it 
orbitals  for  forming  more  than  one  metal-alkylidene  7t  bond  in  the  presence  of  strong  7i  bonding 
ligands,  especially  an  imido  ligand.  Rotamer  interconversion  rates  have  been  measured  for 
several  members  of  the  class  of  M(NAr)(CHR')(OR")2  complexes.  The  most  extensive  study 
involved  molybdenum  complexes  in  which  OR"  is  a  phenoxide.''*  Such  studies  were  possible 
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because  both  rotamers  could  be  observed,  and  therefore  standard  'H  NMR  techniques  could  be 
employed  in  order  to  determine  rate  constants  and  activation  parameters.  Rotamer 
interconversion  was  found  to  be  first  order  in  metal  and  did  not  appear  to  proceed  through  a 
highly  polar  transition  state.  Alkylidene  rotation  in  rhenium  complexes  of  the  type 
Re(CR')(CHR’)(OR")2  (where  R’  =  CMes  or  CMeaPh  and  OR"  =  OCMex(CF3)3.x;  x  =  0,1,2) 
also  was  found  to  be  well-behaved,  although  the  barrier  to  rotamer  interconversion  was 
significantly  higher  in  the  rhenium  system  (25-30  kcal  mol**)  than  in  the  molybdenum  system.'^ 
It  has  been  recognized  that  rotamers  could  play  a  significant  role  in  determining  the 
primary  polymer  structure  in  classical  ROMP  catalyst  systems. ’’  However,  since  very  little  is 
known  even  at  this  stage  about  the  nature  of  classical  ROMP  catalysts,  and  classical  catalysts 
normally  cannot  be  observed  by  spectroscopic  techniques  (with  one  exception^®),  it  has  not  been 
possible  to  determine  whether  rotamers  do,  in  fact,  play  an  important  role.  Since  the  cis/trans 
ratio  in  certain  ROMP  polymers  depends  upon  the  nature  of  the  molybdenum  catalyst,^- it  is 
imperative  that  alkylidene  rotation  rates  and,  if  possible,  relative  reactivities  of  syn  and  anti 
rotamers  be  determined.  Unfortunately,  lineshape  techniques  cannot  be  used  because  the  amount 
of  the  minor  (anti)  rotamer  is  insignificant  (under  normal  NMR  conditions)  in  the  t-butoxidc  and 
hexafluoro-r-butoxide  complexes  that  are  employed  as  initiators.  A  key  finding  in  the 
Re(CR')(CHR')(OR")2  system  was  that  the  ratio  of  rotamers  could  be  altered  significantly  by 
photolyzing  the  rotamer  mixture.  Rate  constants  then  could  be  obtained  by  following  the  return 
of  the  mixture  to  equilibrium  at  various  temperatures.*^  Photolysis  at  low  temperature  was  found 
to  generate  a  significant  amount  of  anti  rotamer  in  the  family  of  r-butoxide  (including 
(XrMe2(CF3)  and  C)CMe(CF3)2)  molybdenum  catalysts  also  and  the  rate  of  conversion  of  the 
normally  unobservable  minor  rotamer  to  the  major  rotamer  therefore  could  be  determined.^* 
Once  the  Hq  resonance  for  the  minor  rotamer  was  located  it  became  possible  .o  measure  Kgq 
(ka/j/ks/a),  and  therefore  to  calculate  k^/a.  In  this  paper  we  report  the  results  of  such  studies  for  a 
variety  of  Mo  complexes,  explore  the  relative  reactivity  of  such  rotamers  with  2,3- 
bis(trifluoromethyl)norbornadiene  (NBDF6),  and  attempt  to  correlate  these  results  with  the 
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cis/trans  structure  of  poIy(NBDF6).  Initial  results  have  appeared  in  a  preliminary 
communication.^' 

RESULTS 

UV/Visible  Spectra  and  Qualitative  Photolysis  Studies. 

UVA^is  spectra  of  three  complexes  of  the  type  syn-Mo(NAr)(CH-t-Bu)(OR")2  (OR”  = 
OCMe3  (!'),  OCMe2(CF3)  (2'),  or  OCMe(CF3)2  (3*))  arc  shown  in  Figure  1.  (See  Table  II  for 
the  abbreviations  used  and  numbering  scheme.  Syn  refers  to  the  rotamer  in  which  the  alkylidene 
substituent  points  toward  the  imido  nitrogen  atom;  equation  1.)  Extinction  coefficients  and  Xmax 
values  for  these  neopentylidene  complexes  and  two  neophylidene  complexes  (unprimed 
compound  numbers)  are  listed  in  Table  I.  A  weak  shoulder  that  extends  into  the  visible  region 
(between  400  and  500  nm)  accounts  for  the  light  yellow  color  of  the  syn  form  of  all  complexes 
shown  in  Table  I  in  solution. 

Emission  lines  at  366  and  405  nm  from  a  medium  pressure  mercury  lamp^^  were 
employed  in  photochemical  experiments.  Photolysis  of  a  solution  containing  the  syn  rotamer  in 
a  sealed  NMR  tube  at  -85  °C  with  either  366  or  405  nm  light  yielded  a  mixture  of  anti  and  syn 
rotamers.  Samples  usually  were  photolyzed  at  -85  °C  in  order  to  prevent  thermal  back  reaction 
and  to  minimize  possible  sample  decomposition.  In  general  photolyses  at  366  nm  in  non- 
coordinating  solvents  yielded  a  higher  percentage  of  anti  rotamer  in  the  mixture  than  photolyses 
at  405  nm.  For  example,  photolysis  of  3'  in  tolucnc-dg  at  -85  °C  for  13  h  at  405  nm  yielded  a 
mixture  containing  7%  of  the  anti  rotamer,  while  photolysis  at  366  nm  for  just  4  h  yielded  a 
mixture  containing  24%  of  the  anti  rotamer.  Photolysis  of  Mo(NAr)(CHCMe2Ph)- 
((X^Me2(CF3))2  (2)  in  thf-dg  at  366  nm  yielded  a  photostationary  sutc  that  contained  about  30% 
of  the  anti  rotamer.  Photolyses  in  which  the  entire  spectrum  from  the  medium  pressure  lamp  was 
utilized  produced  a  mixture  that  contained  a  minimum  of  22%  of  the  anti  rotamer.  For  this 
reason,  366  nm  light  was  usually  employed  in  photochemical  experiments.  A  photostadonary 
state  consisting  of  approximately  a  1:2  mixture  of  anti  and  syn  rotamers  was  reached  after  about 
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8  h  at  366  nm  for  all  complexes  in  all  solvents.  All  samples  in  toluene-dg  turned  light  red  as 
photolysis  proceeded  and  anti  rotamer  was  formed.  In  contrast  photolyses  in  thf-dg  did  not 
produce  any  significant  color  change  as  the  anti  rotamer  was  generated. 

In  all  cases,  the  Hq  resonance  of  the  photochemically-generated  anti  rotamer  was  found 
~1  ppm  downfield  of  the  Hq  resonance  for  the  syn  rotamer.  (A  list  of  NMR  Ha  resonances 
and  JcHa  values  can  be  found  in  Table  II.)  There  are  two  primary  reasons  why  we  ascribe  the 
photochemically-generated  alkylidene  Hq  resonance  to  the  anti  rotamer.  First,  the  chemical  shift 
difference  between  the  anti  and  syn  resonances  is  similar  to  that  in  previously  studied 
Mo(NAr)(CHCMe3)(OR")2  complexes  where  OR"  =  various  phenoxides.^-*^  Second,  JcHa 
values  between  145  and  155  Hz  were  found  for  the  downfield  rotamer,  and  between  115  and  125 
Hz  for  the  upfield  rotamer,  analogous  to  JcHa  values  found  for  anti  and  syn  rotamers, 
respectively,  in  other  complexes  of  this  general  type.*-^’*'*  When  a  sample  containing  the 
mixture  of  anti  and  syn  rotamers  was  allowed  to  return  to  equilibrium,  the  area  of  the  syn  Hq 
resonance  returned  to  what  it  was  (relative  to  an  internal  standard)  before  photolysis,  and  the 
spectrum  was  identical  to  the  spectrum  of  the  sample  before  photolysis.  In  NMR  spectra  of  the 
majority  of  complexes  discussed  here  that  are  obtained  with  routine  spectromer  settings  and 
acquisition  times  the  anti  H®  resonance  is  not  readily  observed. 

Determination  of  Anti  to  Syn  Conversion  Rates. 

Rates  of  conversion  of  the  anti  to  the  syn  rotamer  were  determined  in  deuterated  toluene, 
methylcyclohexane,  or  thf  at  various  temperatures  by  following  the  decrease  in  the  intensity  of 
the  Ha  resonance  for  the  anti  rotamer.  (Both  toluene  and  thf  are  commonly  employed  solvents 
for  ROMP  with  these  initiators.®  ’)  Since  Keq  is  usually  large  (see  below),  conversion  of  the  anti 
to  the  syn  rotamer  could  be  assumed  to  be  irreversible  and  ka/s  could  be  obtained  from  a  first- 
order  log  plot.  In  a  few  cases  Keq  was  small  enough  to  lend  a  slight  curvature  to  the  log  plot;  in 
these  circumstances  ka/s  was  determined  by  plotting  a  first-order  approach  to  the  known 
equilibrium.  Rate  constants  for  complexes  of  the  type  Mo(NAr)(CHCMc2Ph)(OR")2  (OR"  = 
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family  of  r-butoxides)  at  various  temperatures  are  listed  in  Table  III;  rate  constants  for  all  other 
complexes  are  listed  in  Table  IV. 

Many  rate  constants  for  anti  to  syn  conversion  for  complexes  2,  3,  4,  and  5  in  toluene-dg 
and  2  and  3  in  thf-dg  in  Table  III  could  be  collected  over  a  20  °C  range  of  temperatures,  which  is 
sufficient  to  allow  activation  parameters  to  be  determined  with  some  reliable  degree  of  accuracy. 
The  plots  shown  in  Figure  2a  (toluene-dg  solvent)  and  in  Figure  2b  (thf-dg  solvent)  illustrate  two 
important  findings.  First,  kg/s  decreases  dramatically  as  the  electron-withdrawing  ability  of  the 
alkoxides  increases.  Even  the  rate  for  4toi  (containing  OC(CF3)2(CF2CF2CF3)  =  ORpo)  at  a 
given  temperature  is  slightly  faster  than  the  rate  for  Stoi  (containing  OC(CF3)3  =  ORf9)  at  that 
temperature,  a  fact  that  is  consistent  with  the  lower  electron-withdrawing  ability  of  ORfi3  (eight 
fluorines  P  to  oxygen)  than  ORf9  (nine  fluorines  P  to  oxygen).  Only  one  value  for  kg/s  could  be 
obtained  for  the  f-butoxide  complex  (1),  and  the  experiment  had  to  be  done  in 
methylcyclohexane-di4  (mch-dia).  The  sample  was  photolyzed  in  a  mch-di4  glass  at  77K, 
inserted  into  the  NMR  probe  while  still  frozen,  and  thawed  in  the  pre-cooled  (-120  °C)  probe. 
Although  a  color  change  from  orange  to  orange-red  was  noted  during  photolysis  in  toluene-dg  at 
-85  °C,  the  rate  of  conversion  of  anti  rotamer  to  syn  rotamer  was  too  fast  to  follow  conveniently 
even  at  this  temperature.  Photolysis  of  2  in  both  toluene-dg  and  in  mch-di4  revealed  less  than  a 
factor  of  two  difference  in  rate,  the  rate  being  slower  in  methylcyclohexane  (see  Table  111).  The 
second  important  point  is  that  the  rate  of  conversion  of  anti  rotamer  to  syn  rotamer  of  2  and  3  is 
significantly  slower  in  thf-dg  than  in  toluene-dg  (Figure  2b).  A  rate  constant  for  Iihf  could  not  be 
obtained,  even  though  a  small  anti  resonance  could  be  observed  in  some  photolyzed  samples 
briefly  before  the  anti  form  reverted  to  the  syn  form,  depending  on  experimental  circumstances. 
These  results  suggest  that  rotamer  rotation  is  inhibited  by  thf  to  a  significant  extent  only  when 
the  metal  center  is  sufficiently  electrophilic  to  bind  thf.  There  is  no  evidence  that  thf-dg  binds 
well  to  1  or  slows  down  rotamer  rotation  (see  also  below).  Further  evidence  for  binding  of  thf-dg 
to  2  and  3  consists  of  the  downfield  shift  of  the  anti  and  syn  Hq  resonances  at  25  *C  by  0.36  to 
0.64  ppm  in  2  and  3  relative  to  their  chemical  shifts  in  toluene-dg;  the  chemical  shifts  for  anti  and 
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syn  Ha  in  1  at  25  'C  are  actually  slightly  upfield  in  thf-dg  from  where  they  are  in  toluene-dg 
(Table  II).  A  downfield  shift  of  the  Ha  resonance  is  a  characteristic  consequence  of  a  base 
binding  to  the  metal  in  complexes  of  this  type.* 

Activation  parameters  for  the  six  examples  shown  in  Figure  2  are  listed  in  Table  V. 
Unfortunately,  ka/s  data  could  be  obtained  over  a  maximum  range  of  ~20  °C  in  the  most 
favorable  cases.  Nevertheless,  the  activation  data  are  sufficiently  accurate  to  support  several 
conclusions.  A  value  of  -0  for  AS^  in  toluene-dg  is  consistent  with  a  unimolecular  process, 
while  the  relatively  large  and  positive  value  for  AS^  in  thf-dg  (+20  to  25  e.u.)  is  consistent  with  a 
process  that  requires  loss  of  thf  from  the  metal.  These  values  imply  that  rotation  of  the 
alkylidene  in  five-coordinate  base-adducts  is  slower  than  in  four-coordinate  species.  This  result 
is  consistent  with  previous  findings  that  rotamer  rotation  in  3  in  the  presence  of  PMe3  is 
negligible.*'*  AG^'s  are  in  the  same  range  as  those  found  for  Mo  phenoxide  complexes,*'*  but  are 
significantly  smaller  than  AG^'s  for  rhenium  complexes  of  the  type  Re(CR’)(CHR')(OR")2  (OR" 
=  OCMe3,  ORf3,  and  ORf6)  *^  A  redetermination  of  ka/s  for  7  in  toluene  (Table  FV,  7ioi  at  -42 
°C)  agreed  with  the  value  calculated  from  activation  parameters  obtained  previously  for  this 
initiator*'*  (found  ka/s  =  1-35  x  10'^  s'*;  calculated  1.15  x  10^  s**  at  -42  °C). 

Calculated  ka/s  values  for  2,  3,  4  and  5  at  298  K  are  listed  in  Table  VI  and  a  plot  of  In  ka/s 
versus  the  number  of  fluorines  in  the  alkoxide  is  shown  in  Figure  3.  (The  ORfi3  alkoxide 
contains  only  8  fluorines  P  to  oxygen  and  therefore  is  plotted  as  "F8''.)  If  we  assume  that  ka/s 
values  for  the  r-butoxide  complex  fall  on  these  lines,  then  from  the  intercept  we  find  that  ka/s 
should  be  ~5()0  s'*  for  1  in  toluene  and  -360  s'*  for  1  in  thf.  The  fact  that  the  values  of  ka/s  for  1 
are  similar  in  thf  and  toluene  is  further  evidence  that  thf  binds  to  the  metal  to  a  negligible  extent 
in  r-butoxide  complexes  at  25  *C.  The  difference  between  ka/s  for  1  in  thf  (-360  s'*)  and  3  in  thf 
(-4  X  10'5  S'*)  is  impressive  (-7  orders  of  magnitude),  and  is  additional  evidence  for  attenuation 
of  the  rate  of  alkylidene  ligand  rotation  by  binding  of  thf  to  an  electrophilic  metal  center.  The 
difference  between  ka/s  for  1  in  toluene  and  for  3  in  toluene  is  less  significant,  but  still  more  than 
three  orders  of  magnitude  and  again  consistent  with  thf  binding  to  a  relatively  electrophilic  metal 
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center. 

Rate  constants  obtained  for  1-5  (Table  III)  should  be  compared  with  those  obtained  for 
variations  (Table  IV).  For  example,  we  find  that  a  neophylidene  ligand  rotates  only  slightly 
more  slowly  than  a  neopentylidene  ligand  (for  2'iol  at  -56  °C  k^/s  =  6.0  x  lO"^  s’*;  calculated  for 
2ioi  at  -56  °C  ka/s  =  2.7  x  lO"'*  s'*).  Interestingly,  k^s  >5  two  orders  of  magnitude  larger  in  a 
tungsten  complex  than  in  a  closely  related  molybdenum  complex  (for  16'ioi  at  -49  °C  ka/s  =  2.1  x 
10"^  s  ’;  calculated  for  3tol  at  -49  °C  ka/s  =  2.6  x  10'^  s"’).  If  the  diisopropylphenyl  imido  ligand 
is  substituted  in  the  para  position  with  bromide,  ka/s  increases  only  slightly  (for  6u3i  at  -20.8  °C 
ka/s  =  6.5  X  10"*  s*’;  for  3tol  at  -20.8  °C  ka/s  =  3.4  x  10'4  s*’).  In  complexes  in  which  methyl 
groups  are  present  in  the  ortho  positions  of  the  arylimido  ligand  instead  of  isopropyl  groups  the 
alkylidene  rotates  only  slightly  more  readily  (for  9thf  at  22.0  °C  ka/s  =  4-5  x  10'5  s'*;  calculated 
for  3thf  at  22.0  °C  ka/s  =  2.6  x  lO^  s"’:  for  lOtoi  at  0  °C  ka/s  =  4.2  x  10"*  s"’;  calculated  for  4toi  at 
0  °C  ka/s  =  1-3  X  10"*  s'*).  Changing  the  imido  substituent  from  an  aryl  to  an  adamantyl  group 
results  in  an  order  of  magnitude  increase  in  ka/s  (for  l^ioi  at  -31.4  °C  ka/s  =  5.8  x  10"*  s  ’;  for  3ioi 
at  -31.2  °C  ka/s  =  5.9  x  10-5  s  ’).  In  an  ortho-r-butyl  phenylimido  complex  containing  ORf6 
ligands  ka/s  a  factor  of  -1400  larger  than  what  it  was  in  the  diisopropylphenylimido  analog 
(for  12toi  at  -67.2  °C  ka/s  =  8.4  x  10*5  s*’;  calculated  for  3ioi  at  -67.2  °C  ka/s  =  6  x  10'8  s’’),  while 
in  ORf9  complexes  ka/s  is  larger  by  a  factor  of  -700  in  the  ortho-f-butylphenylimido  complex 
(for  13toi  at  -26.6  °C  ka/s  =  6.0  x  10'*  s'’;  calculated  forStol  at  -26.6  °C  ka/s  =  8.0  x  10'^).  The 
effect  is  less  dramatic  but  still  significant  (a  factor  of  -250)  when  the  solvent  is  thf-dg  instead  of 
toluene-dg  (for  at  -2.0  °C  ka/s  =  6.6  x  10'5  s*’;  calculated  for  3thf  at  -2.0  °C  ka/s  =  2.7  x 
10'^).  Interestingly,  changing  an  ortho-f-butyl  to  an  ortho-isopropyl  group  in  the  phenylimido 
ligand  has  little  effect  on  the  rotation  rate  (for  14toi  at  -66.0  °C  ka/s  =  x  s"’;  for  12toi  at 
-67.2  °C  ka/s  =  8.4  X  s’’). 

The  complex  Mo(NAr)(CDCMe3)[OCMe(CF3)2]2  was  synthesized  in  order  to  determine 
the  magnitude  of  any  isotope  effect;  kn/ko  for  anti  to  syn  conversion  was  found  to  be  2.0  at  -27.4 
*C  (Table  IV).  (The  sharp  and  clearly  visible  isopropyl  methine  proton  resonances  in  the  anti 
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and  syn  rotamers  were  followed  by  *H  NMR  in  order  to  determine  the  rate.)  A  value  of  2  would 
qualify  as  a  relatively  small  primary  isotope  effect  or  a  relatively  large  secondary  isotope  effect. 

Measurement  of  Keq  and  Calculation  of  kj/g. 

We  noted  earlier  that  in  a  typical  •H  NMR  spectrum  of  an  alkylidene  complex  of  the  type 
discussed  here  the  anti  Hq  resonance  is  not  readily  visible.  Once  Ha  resonances  for  anti 
rotamers  had  been  observed  in  photolyzed  samples,  we  could  entertain  the  possibility  of 
observing  a  tiny  amount  of  the  anti  rotamer,  measuring  the  syn/anti  equilibrium,  and  thereby 
determining  ks/a.  In  practice  a  500  MHz  *H  NMR  instrument  proved  adequate.  Acquisition 
times  of  several  hours  were  required  in  some  cases  in  which  Keq  was  especially  large  in  order  to 
observe  the  Hanti  resonance.  In  a  few  cases  (3thf,  7toi,  15tol)  the  mixture  contained  5-10% 
of  the  anti  rotamer  at  298K.  As  an  example  of  a  case  in  which  Keq  is  large,  the  alkylidene  region 
of  the  *H  NMR  spectrum  of  initiator  14ioi  is  shown  in  Figure  4.  The  equilibrium  constant  was 
obtained  by  integrating  the  anti  Ha  resonance  relative  to  the  downfield  satellite  of  the  syn 
Ha  resonance.  Values  for  K^q  are  listed  in  Table  11.  When  Keq  is  large  multiple  runs  were 
impractical  because  of  the  amount  of  time  required  to  acquire  the  data. 

Several  factors  dramatically  affect  Keq.  First,  Keq  decreases  in  the  series  3ioi  — ^  3(ime 
3ihf.  We  propose  that  one  thf  binds  most  effectively  to  the  anti  rotamer  when  the  metal  is 
electron  deficient  and  thereby  stabilizes  the  anti  rotamer  to  a  significant  degree  relative  to  the  syn 
rotamer.  The  low  relative  reactivity  of  the  syn  rotamer  might  be  ascribed  to  the  steric  hindrance 
between  an  isopropyl  group  and  the  alkylidene  subsituent  in  the  adduct  formed  upon  adding  a 
base  to  the  CNO  face,  as  suggested  by  an  X-ray  structure  of  trigonal  bipyramidal  iyn-MofCH-t- 
Bu)(NAr)(ORF6)2(PMe3).*^ 

The  nature  of  the  alkoxide  also  influences  Keq.  In  the  series  1-5,  Keq  generally  decreases 
with  increasing  electron-withdrawing  ability  of  alkoxide  (Table  II;  Figure  5).  All  complexes  in 
the  series  l-5tol  are  neophylidene  complexes.  Although  the  neopentylidene  series  is  incomplete, 
the  data  that  are  available  suggest  that  Keq  actually  increases  with  increasing  electron- 
withdrawing  ability  of  the  alkoxides  (Table  II;  Figure  5).  (The  value  of  5000  listed  for  5'tol  is  a 
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minimum  value  since  the  anti  resonance  was  never  located  even  after  several  hours  of  data 
collection.)  The  greater  stability  of  the  syn  neopentylidene  rotamer  as  the  alkoxide  is  varied  in 
the  series  1  to  5  could  be  ascribed  to  the  step-wise  increase  in  the  size  of  the  more  electron- 
withdrawing  alkoxides,  and  might  be  the  "normal"  trend.  An  explanation  that  would  account  for 
more  anti  neophylidene  rotamer  being  present  as  the  alkoxide  becomes  more  electron 
withdrawing  is  that  a  C-Honho  bond  interacts  with  an  empty  metal  orbital  on  the  COO  face  of  the 
complex,  although  no  NMR  data  that  we  have  obtained  at  this  point  supports  this  proposal. 
However,  a  related  interaction  of  the  C-Hortho  bond  in  the  tolyl  group  in 
W(NAr)(CHCMe3)[OC(CF3)2(p-Me-C6H4)l2  is  a  plausible  first  step  leading  to  W[OC(CF3)2(p- 
MeC6H3)](NAr)(CH2CMe3)[OC(CF3)2(p-MeC6H4)],  in  which  the  tolyl  ring  in  one  alkoxide  has 
been  orthometal ated  and  the  ortho  proton  transferred  to  the  alkylidene  a  carbon  atom.^^  Other 
examples  in  the  literature  are  known  in  which  an  anti  rotamer  is  stabilized  by  binding  a 
functionality  in  the  alkylidene  ligand  to  the  metal.'**^'*-^ 

Finally,  Kgq  changes  upon  altering  the  nature  of  the  imido  ligand.  IQq  is  larger  by 
approximately  a  factor  of  3  in  a  complex  that  contains  a  diisopropylphenylimido  ligand  than  in 
one  that  contains  a  dimethylphenylimido  ligand.  Interestingly,  the  presence  of  a  single  ortho  t- 
butyl  substituent  does  not  alter  K^q  to  a  significant  degree  (compare  5ioi  to  13|oi,  or  3  to  12'). 
Perhaps  the  most  dramatic  change  in  Keq  (a  decrease  of  two  orders  of  magnitude)  is  observed 
upon  changing  a  diisopropylphenylimido  to  an  adamantylimido  ligand  (compare  3tol  to  ISioi).  It 
is  tempting  to  propose  that  the  relatively  isotropic  adamantyl  group  is  'larger'  than  an  aryl  group 
(the  relatively  flat  aryl  group  is  oriented  90°  to  the  C/Mo/N  plane  in  order  to  avoid  adverse  steric 
interactions  in  the  syn  rotamer*'*),  and  that  the  syn  rotamer  therefore  is  destabilized  in  the 
adamantyl  complex.  (Other  evidence  that  supports  this  proposal  is  presented  later.)  Steric 
interactions  between  alkoxides,  the  imido  ligand,  and  the  alkylidene  substituent  will  counteract 
one  another  in  many  cases,  so  that  predicting  the  magnitude  of  Keq  a  priori  is  not  a  simple  task. 
However,  so  far  the  syn  rotamer  has  always  been  favored,  the  exception  being  when  a  donor 
functionality  in  the  alkylidene  substituent  can  coordinate  to  the  metal  in  the  anti  rotamer.'  The 
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only  tungsten  complex  examined  had  a  larger  Keq  (by  approximately  a  factor  of  2)  than  the 
analogous  molybdenum  complex  (compare  3'iol  to  16'tol). 

A  plot  of  ln(K<.q)  vs  I/T  for  3toi  at  four  temperatures  is  shown  in  Figure  6.  The  difference 
in  enthalpy  for  the  two  rotamers  (AH°)  is  -5.4  kcal/mol,  while  the  difference  in  entropy  (AS®)  is 
-2.4  e.u.  In  contrast,  Keq  for  3|hf  is  relatively  independent  of  temperature  over  approximately  the 
same  temperature  range  (-20°  to  -t-50  °C). 

Values  for  ks/a  at  298  K  can  be  calculated  from  the  measured  values  for  Keq;  they  are 
listed  in  Table  VI.  An  examination  of  the  kj/a  data  in  Table  VI  reveals  some  trends  related  to 
those  noted  for  ka/s  The  virtually  identical  values  of  kj/a  for  Itoi  and  Ithf  are  consistent  with 
little  or  no  binding  of  thf  to  the  relatively  electron-rich  r-butoxide  complex,  ks/a  values  for  3ioi 
and  3ihf  differ  by  a  factor  of  only  -35  compared  to  a  difference  of  -2500  in  ka/s  values.  The 
most  important  general  conclusion  is  that  ks/a  for  1  is  larger  by  five  to  six  orders  of  magnitude 
than  ks/a  for  3,  4.  or  5. 

In  the  process  of  examining  many  NVfR  spectra  at  low  temperature,  it  was  noted  that 
rotation  of  the  arylimido  group  was  also  restricted.  Consequently,  rate  constants  were  measured 
for  aryl  group  rotation  in  order  to  see  to  what  extent  aryl  group  is  coupled  to  alkylidene  ligand 
rotation.  Studies  of  arylimido  group  rotation  in  the  syn  rotamer  were  straightforward,  but  anti 
rotamers  could  be  studied  only  at  temperatures  where  anti  to  syn  conversion  was  slow.  Since  a 
maximum  of  only  33%  of  the  anti  rotamer  could  be  generated,  measurement  of  rate  constants  for 
aryl  group  rotation  in  anti  rotamers  also  was  complicated  by  the  presence  of  aryl  resonances  for 
the  syn  rotamer.  Data  obtained  for  aryl  group  rotation  in  2  and  3  are  listed  in  Table  VII.  The 
main  conclusion  that  is  relevant  to  the  processes  under  discussion  here  is  that  aryl  groups  in  all 
complexes  rotate  much  faster  than  the  alkylidene  ligands,  and  the  two  processes  therefore  are  not 
strongly  coupled.  It  is  interesting  to  note  that  an  aryl  group  rotates  more  slowly  in  a  syn  rotamer 
than  in  an  anti  rotamer,  consistent  with  a  greater  degree  of  steric  interaction  between  the 
phenylimido  ligand's  ortho  substituents  and  the  alkylidene  substituent  in  the  syn  rotamer.  For 
example,  the  aryl  group  rotates  nearly  five  times  more  rapidly  in  anri-3thf  than  in  ryn-3thf-  As 
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expected,  the  effect  of  a  coordinating  solvent  such  as  thf-dg  is  dramatic;  AAGt298  for  aryl  group 
rotation  in  s>n-3ioi  versus  syn-Sihf  is  1.6  kcal/mol.  Entropies  of  activation  are  consistent  with  a 
unimolecular  process  in  a  non-coordinating  solvent,  and  a  dissociative  process  in  thf-dg,  i.e.,  the 
aryl  group  rotates  much  more  readily  in  the  less  crowded  four-coordinate  complex,  as  one  would 
expect  on  steric  grounds. 

In  the  process  of  studying  aryl  group  rotation  we  noted  that  thf-dg  binds  to  the  anti 
rotamer  of  2  and  3  to  generate  an  unsymmetric  adduct  that  contains  inequivalent  imido  methine 
protons  and  inequivalent  methyl  protons  at  the  slow  exchange  limit.  This  result  is  consistent 
with  thf  binding  to  one  of  the  CNO  faces.  Inequivalent  methine  and  methyl  resonances  coalesce 
when  coordinated  thf  begins  to  exchange  rapidly  with  free  thf.  In  contrast,  syn  rotamers  of  2  and 
3  are  symmetric  on  the  NMR  time  scale,  indicating  either  that  thf-dg  that  is  bound  to  the  CNO 
face  exchanges  rapidly  on  the  NMR  time  scale  in  syn  rotamers,  or  that  thf  binds  preferentially  to 
the  COO  or  NOO  face  in  syn  rotamers  to  give  adducts  that  contain  a  mirror  plane. 

Reaction  of  Mo(NAr)(CHCMe2Ph)(ORF6)2  Rotamers  with  2r3*(CF3)2Norbomadiene. 

Because  a  mixture  of  syn  and  anti  rotamers  of  ORf6  species  can  be  generated  at  low 
temperature  and  because  they  do  not  readily  interconvert,  it  was  possible  to  explore  the  relative 
reactivity  of  the  two  rotamers  toward  olefins.  Studies  of  this  type  reported  here  involved  2,3- 
bis(trifluoromethyl)norbornadiene  (NBDF6),  since  poly-NBDF6  with  different  regular 
structures'®’'^'^*  has  been  prepared  with  several  of  the  initiators  discussed  here.'®  '^ 

Five  equivalents  of  NBDF6  were  added  to  a  thf-dg  sample  that  contained  33%  anti-3  at 
77  K,  and  the  sample  was  thawed  and  transferred  to  an  NMR  probe  that  had  been  cooled  to  -30 
°C.  /4nn-3ihf  was  consumed  within  a  few  minutes  at  -30  °C.  Ha  for  a  syn  first-insertion  product 
(syn-3ihf+l)  was  observed  at  12.89  ppm  (VhoHP  =  7.0  Hz,  where  Ha  is  the  alkylidene  a  proton  ) 
and  the  C=C  bond  is  trans  according  to  the  value  of  the  olefinic  HH  coupling  (Vhh  =  16  Hz). 
The  syn  orientation  was  assigned  to  this  rotamer  on  the  basis  of  the  value  for  ycHa  (127  Hz). 
The  mixture  that  then  contained  5>'/i-3thf  and  i>'rt-3thf+lt  (*  implies  a  trans  C=C  bond  in  the  first 
insertion  product)  did  not  react  with  the  excess  NBDF6  that  was  present  until  the  temperature 
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was  raised  to  0  °C  (see  below).  (The  H<j  resonances  for  syn-3  and  syrt-3+li  can  be  seen  as  part  of 
another  spectrum  shown  in  Figure  7a.)  When  only  0.33  cquiv  of  NBDF6  was  added  to  the  1:2 
mixture  of  a«n-3thf  and  sy«-3ihf  at  -30  °C,  0.33  cquiv  of  syn-3thf+ii  was  formed  from  addition  of 
all  NBDF6  to  anri-3thf-  Within  experimental  error  no  syrt-3thf  reacted  with  NBDF6.  We 


anti-3  (in  thf-dg  or  toluene-dg)  syrt-3+li 


conclude  that  artri-3thf  is  much  more  reactive  than  syrt-3ihf.  and  syn-3thf+li  is  the  sole  product  of 
the  reaction  between  NBDF6  and  dnh-3(hf  (equation  2).  We  can  only  guess  that  anti-3  is 
approximately  two  orders  of  magnitude  more  reactive  than  syn-3  (or  more)  at  -30  'C.  Photolysis 
of  this  mixture  of  syn-3ihf  and  syrt-3ihf+lt  (with  no  NBDF6  now  present)  generates  a  mixture  of 
antt-3thf,  antt-3thf+li,  syrt-3ihf+lt,  and  syn-3ihf  (Figure  7a).  The  anti  assignment  for  flnri-3|hf+lt 
was  confirmed  by  NMR  UcHa  =  152  Hz)  and  iH  NMR  (VhoHP  =  10.0  Hz)  and  the  trans 
C=C  bond  by  the  magnitude  of  the  olefmic  HH  coupling  (Vhh  =  16  Hz).  The  rate  of  conversion 
of  anri-3thf+lt  to  syn-3thr*'lt  could  then  be  determined  and  was  found  to  be  approximately  5 
times  slower  at  35  ®C  than  the  rate  of  conversion  of  anti-3^f  to  syn-3M  (Table  VIII).  This  result 
establishes  that  kj/j  for  a/ift-3thf+lt  is  not  orders  of  magnitude  different  from  kg/s  for  anri-3|hf 
and  therefore  that  the  trends  in  kj/s  that  have  been  determined  for  ncopcntylidcnc  and 
neophylidene  complexes  probably  also  apply  roughly  to  the  alkylidene  complexes  formed  upon 
ring-opening  NBDF6.  Since  the  CF3  groups  arc  so  strongly  electron-withdrawing,  we  hesitate  to 
ascribe  the  slower  conversion  of  flnri-3ih{+lt  to  syn-3thf+lt  to  stcric  factors  alone. 

2,3-Bis(trifluoromethyl)norbornadienc  reacts  with  syn-3ihf  above  approximately  0®  to 
yield  a  new  first  insertion  product  that  has  an  Ha  resonance  at  12.81  ppm  (VhoHP  =  6.5  Hz)  and 
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a  cis  double  bond  (Vhh  =  11-2  Hz),  i.c.,  iyn-Sthf+'lc  (equation  3).  The  NMR  spectrum  of 
syn-3ihf+lc  should  be  compared  to  that  for  syn-Sthf+lt  (SHq  =  12.89  ppm,  ^HaMP  =  7.0  Hz,  and 
^7hh  =  16  Hz).  As  more  NBDF6  is  consumed  new  alkylidene  resonances  for  syn  insertion 
products  appear  in  the  region  between  12.79  and  12.95  ppm  and  the  olefinic  region  becomes  too 
complex  to  assign  C=C  geometries.  It  is  important  to  note  that  no  anti  insertion  products  are 
observed. 


Low  temperature  iH  NMR  spectra  were  obtained  for  the  mixture  shown  in  Figure  7a  (in 
thf-dg).  At  -80  °C,  two  doublets  in  a  1:4  ratio  are  observed  for  alkylidene  Ha  protons  in  two 
isomers  of  ann-3+lt.  The  chemical  shift  of  the  downfield  (minor)  resonance  is  close  (-13.7 
ppm)  to  that  for  ann-3  while  the  upfield  (major)  resonance  (-12.9  ppm)  is  partially  obscured  by 
the  Ha  resonance  for  5yn-3+lt.  At  -60  °C  both  doublets  are  visible  and  ^^HaHP  coupling 
constants  can  be  measured;  in  the  minor  resonance  VhoHP  =  9.0  Hz,  while  in  the  major  isomer 
^•/hoHP  =11-1  Hz.  As  the  temperature  is  raised,  the  two  Ha  resonances  broaden,  coalesce  (at  -0 
°C),  and  sharpen  to  give  the  doublet  at  13.17  ppm  in  which  the  coupling  constant  (VhoHP  =  10 
Hz)  is  approximately  an  average  of  the  coupling  constants  in  the  two  isomers  of  anri-3+lt  found 
at  low  temperature.  This  type  of  behavior  is  not  observed  for  syn-3,  anti-3,  or  jyn-3+lt.  even 
though  anti-3  in  thf  at  low  temperature  does  show  evidence  of  adding  thf  to  one  of  the  CNO 
faces,  as  noted  above.  We  speculate  that  the  two  isomers  of  a/iri-3+lt  observed  at  low 
temperatures  are  thf  adducts  in  which  thf  binds  in  an  axial  position  and  the  imido  and  alkylidene 
ligands  lie  in  the  equatorial  plane.  This  is  the  type  of  structure  found  for  several  adducts,'  e.g.. 
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5yn-Mo(NAr)(CHCMe3)[CX];Me(CF3)2l2(PMc3),*^  one  that  results  from  adding  a  base  to  the 
CNO  face  of  the  catalyst.  However,  two  diastereomers  can  form  in  the  case  of  an  adduct  of  anti- 
3+1 1  (see  A  and  B  below  where  R  or  S  is  the  configuration  of  Cp)  since  Cp  in  the  alkylidene 
formed  by  addition  of  NBDF6  is  chiral.  Only  one  adduct  of  anti-3  forms  at  low  temperature 
because  no  chiral  center  is  present  in  the  alkylidene  ligand.  Since  thf  does  not  bind  strongly  to 
any  syn  rotamer,  only  one  Ha  resonance  is  observed  for  syrt-3  and  syn-J+lt  (an  expected  doublet 
in  each  case)  at  temperatures  down  to  -90  °C. 

RpsO  p(S) 

jT 

Rf(,0 — No^^^H 
^NAr 
THF 

diastereomer  A  diastercomer  B 

A  similar  set  of  experiments  was  carried  out  in  toluene-dg  instead  of  thf-dg.  Five  equiv  of 
NBDF6  were  added  to  a  toluene-dg  sample  containing  33%  anri-Sioi  and  the  sample  was  thawed 
(-95  °C)  and  rapidly  transferred  to  a  -80  °C  NMR  probe.  The  Ha  resonance  for  the  anti  isomer 
already  had  been  replaced  by  an  Ha  resonance  for  5yn-3ioi+lt  (VhoHP  =  8.1  Hz)  0.4  ppm 
downfield  from  the  Ha  resonance  for  unreacted  Jyn-3tt)|.  Reaction  of  anti-3yo\  at  the  melting 
point  of  toluene-dg  can  be  confirmed  visually  because  the  red  color  associated  with  (2nn-3toi 
disappears  immediately  upon  thawing  and  mixing  of  the  reactants.  (The  rate  of  isomerization  of 
anti-3ya\  to  syn-3u)\  at  these  temperatures  is  negligible.)  The  C=C  double  bond  in  iyn-3toi+li  was 
assigned  as  trans  on  the  basis  of  Vhh  (15.4  Hz).  Neither  jyn-3ioi  nor  5y/i-3toi+lt  reacted  with 
NBDF6  at  -80  °C.  However,  after  1  hour  at  -40  °C  all  remaining  NBDF6  was  consumed  by  syn- 
3tol  and  5>’/t-3tol+lt  lo  give  multiple  insertion  products  that  appear  to  be  syn  on  the  basis  of  Ha 
chemical  shifts.  We  conclude  from  these  results  that  both  syn  and  anti  rotamers  are  much  more 
reactive  in  toluene  than  they  are  in  thf  (i.e.,  thf  behaves  as  a  competitive  inhibitor)  and  that 
ann-3tol  is  again  much  more  reactive  than  5yn-3toi.  We  can  speculate  that  since  thf  binds  readily 


Rf60  P(R) 

iT 


RffcO— M 


^NAr 

THF 


•  ••••••• 


to  a/iri-3ihf+lt.  as  noted  above,  but  not  to  5yn-3thf+lt.  the  reactivity  of  an  and  rotamer  might  be 
attenuated  more  strongly  in  thf  than  the  reactivity  of  a  syn  rotamer  in  thf  relative  to  their 
reacdvides  in  toluene. 

As  expected,  addition  of  only  0.33  equiv  of  NBDF6  to  a  1:2  mixture  of  anti-3\o\  and  syn- 
3toi  resulted  in  complete  consumption  of  ann-3toi  to  give  sy«-3toi+It-  The  mixture  of  0.33  equiv 
of  5y«-3uji+lt  and  0.67  equiv  of  5yrt-3tol  could  then  be  photolyzed  to  give  a  mixture  of  anti-3\o[, 
anfj-3tol+lt,  5yn-3toi+lt.  and  5yn-3tol  analogous  to  that  shown  in  Figure  7a.  The  rate  of 
conversion  of  ann-3tol+lt  to  syM-3ioi+li  in  this  mixture  at  0  “C  was  found  to  be  15  times  slower 
than  the  rate  of  conversion  of  ann'-3tol  to  5y/t-3toi  at  0  °C  (Table  VIII).  Note  that  the  rate  of 
conversion  of  a/i/j-3thf+lt  to  5yn-3thf+lt  is  significantly  slower  than  the  rate  of  conversion  of 
ann-3tol+lt  to  sy«-3tol+lt  (Table  VIII),  consistent  again  with  thf  binding  to  anti  forms.  Since  the 
conversion  of  a/ir/-3toi+lt  to  ^>'rt-3toi+lt  was  strictly  first-order  through  at  least  three  half-lives, 
the  equilibrium  constant  (kg/s/ks/a)  could  be  estimated  to  be  >100. 

Reaction  of  syn-Mo(NAr)(CHCMe2Ph)(ORF3)2  with  NBDF6  in  Toluene. 

One  equivalent  of  NBDF6  reacted  with  (-^  01  M  in  toJuene-dg)  at  an  appreciable 

rate  only  at  temperatures  above  -25  °C.  A  new  doublet  (^/hoHP  “  7.6  Hz)  appeared  for  Hq  in 
5yn-2toi+lc  about  0.1  ppm  downfield  of  the  Ha  resonance  for  syn-Zioi;  note  that  the  C=C  bond  is 
cis  OJhh  =  11-3  Hz).  Another  doublet  (^iHaMp  =  8.3  Hz)  appeared  more  slowly  in  the 
alkylidene  region  0. 1  ppm  downfield  of  that  for  jy«-2toi+lc  that  can  be  assigned  to  Hq  in  syn- 
2tol+lt  (^-/hh  =  15.1  Hz).  The  ratio  of  5yn-2toi+lc  to5yn-2u}|+lt  is  typically  4:1.  It  is  interesting 
to  note  that  the  VhoHP  values  for  syn-2ioi+lc  and  jyn-2|oi+lt  are  slightly  different,  indicating 
that  the  geometry  of  the  C=C  bond  directly  influences  the  orientation  (on  the  average)  of  the 
cyclopentene  ring,  and  therefore  VhoHP- 

An  important  question  is  whether  jyn-2|oi+lt  is  formed  by  addition  of  NBDF6  to  jy«-2toi 
or  whether  anti-2ioi  can  be  generated  by  isomerization  of  jyn-2(oi  at  -26  °C  at  a  rate  great  enough 
to  be  the  source  of  syn-2toi+lt.  By  extrapolation  we  find  that  kg/s  =  2.4  x  10'2  s‘*  at  -26  °C.  If 
the  temperature  dependence  of  Keq  is  roughly  the  same  for  2toi  as  for  3tol.  then  K^q  can  be 


estimated  as  l.l  x  10’5  at  -26  ®C  for  2toi  and  kj/a  then  can  be  calculated  to  be  2.2  x  lO'^  s’*.  If 
we  assume  that  anti-2toi  is  so  reactive  that  conversion  of  syn  to  anti  is  rate-limiting,  then  a  value 
of  ks/a  =  2.2  X  10-6  s’*  would  imply  that  -20%  of  syn-2|oi+lt  could  form  via  anti-2ta  in  3  hours. 
Since  about  10%  of  J>’rt-2tol  is  converted  to  5y«-2u,i+lt  in  a  period  of  approximately  three  hours 
at  -26  °C,  it  is  possible  that  iy«-2toi+lt  forms  by  addition  of  NBDF6  to  anti-2toi,  and  that  syn- 
2ioi+lc  forms  by  addition  of  NBDF6  to  syrt-2toi  (equation  4). 

-26°C  -26°C 

^ -  flnn-2,oj  sy«-2,o,  - ►  syn-2,o,+  lc  (4) 

NBDF6  NBDF6 

Reaction  of  Mo(NAr)(CH-t-Bu)(0*t-Bu)2  with  NBDF6. 

The  reaction  between  1  and  NBDF6  has  already  been  reported,  although  at  that  time 
relatively  little  was  known  about  syn  and  anti  rotamers  and  their  rates  of  interconversion.’ 6 
Unfortunately,  as  we  have  noted  here,  it  is  not  possible  to  study  the  relative  reactivities  of  anti-1 
and  syn-1  directly  since  isomerization  of  anti-l  to  syn-l  is  too  fast.  Nevertheless,  the  previous 
results  can  now  be  reinterpreted  in  light  of  the  findings  described  so  far  here  for  reactions 
involving  3  and  2.  It  was  observed  that  addition  of  10  or  more  equivalents  of  NBDF6  to  1  in 
QDg  yields  two  Ha  doublets  in  the  alkylidene  region  for  the  living  alkylidenes  (multiple 
insertion  products)  that  are  separated  by  only  -3  Hz  (at  500  MHz).  The  major  species  (-86%) 
and  the  minor  species  have  identical  values  for  ^HaHP  O  Hz).  In  the  original  study  these  two 
alkylidene  resonances  were  tentatively  attributed  to  syn  (major)  and  anti  rotamers,  respectively. 
However,  it  now  seems  unlikely  that  this  is  the  case  for  several  reasons.  First,  this  interpretation 
would  require  that  anti  and  syn  rotamers  not  interconvert  rapidly  on  the  NMR  time  scale,  i.e., 
that  ksum  (=  ka/j  +  kj/a)  be  very  much  less  than  3  Hz.  However,  we  have  found  that  ksum  is  ~500 
Hz  for  lioi  (Table  VI).  Second,  it  seems  unlikely  that  Ha  resonances  for  anti  and  syn  resonances 
would  be  nearly  coincident.  Third,  VhoHP  is  the  same  for  the  two  isomers,  whereas  in  all  cases 
discussed  so  far  VhoHP  for  the  anti  rotamer  was  found  to  be  larger  than  VhoHP  for  the  syn 
rotamer.  Fourth,  K^q  would  be  -6  for  the  syn  and  anti  multiple  insertion  products,  a  value  that  is 
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inconsistent  with  Keq  data  for  a  r-butoxide  initiator  or  first  insertion  product  in  toluene  (Tables  II 
and  VIII).  For  these  cumulative  reasons,  it  seems  unlikely  that  the  two  Ha  resonances  observed 
for  multiple  insertion  products  are  actually  due  to  syn  and  anti  rotamers.  The  possibility  that  the 
two  Ha  resonances  correspond  to  the  trans  or  cis  configuration  of  the  C=C  bond  next  to  the  M=C 
bond  also  can  be  ruled  out  on  the  basis  of  the  fact  that  the  polymer  that  is  generated  from  1 
contains  -98%  trans  C=C  bonds.  Therefore,  the  only  alternative  seems  to  be  that  the  two  Ha 
resonances  arise  from  the  two  possible  relative  orientations  of  the  first  two  cyclopentene  rings  in 
the  polymer  chain  (tacticities;  equation  5;  P  =  polymer).  Although  the  tacticity  of  the  particular 
polymer  sample  that  was  prepared  in  the  previously  reported  NMR  studies  is  not  known,  the 
tacticity  of  such  polymers  is  often  in  the  range  90  to  95  %,*°  a  figure  that  would  be  consistent 
with  the  relative  intensities  of  the  two  Ha  resonances.  The  near  coincidence  of  the  two  syn  Ha 
resonances  in  insertion  products  having  different  tacticities  would  be  expected. 


Reaction  of  Mo(N-2-/-BuC6H4)(CHCMe3)[OCMe(CF3)2]2  (12*)  with  NBDF6  in  thf. 

It  is  important  to  establish  how  complexes  that  contain  imido  ligands  other  than  the  2,6- 
diisopropylphenyl  imido  ligand  behave.  Initiator  12*  was  a  convenient  one  to  study. 
Experiments  similar  to  those  described  so  far  showed  that  NBDF6  adds  to  anr(-12'thf  far  faster 
than  it  adds  to  syn-l2'th{.  At  -37  °C  an//-12'(hf  begins  to  react  selectively  with  monomer  to  yield 
s)'n-12'thf+li  (5Ha  =  12.69  ppm,  /cHa  =  126.4  Hz  at  20  °C  by  IH  NMR,  VhoHP  =  7.3  Hz, 
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olefinic  Vhh  =  15.5  Hz).  If  only  enough  monomer  is  added  (0.33  equiv)  to  consume  ann-12'thf. 
and  the  mixture  of  syn-12'thf+lt  and  sy«-12'thf  photolyzed  again,  then  the  mixture  of  anti- 
12'thf+lt,  artn-12'thf.  iyn-n'thf+lt.  and  5y/i-12*thf  shown  in  Figure  7b  is  generated.  The  Ha 
doublet  resonance  for  artft-12'thf+lt  was  partially  obscured  by  the  Ha  resonance  for  ann-12'thf 
(^•/hoHP  -  7.6  Hz  after  resolution  enhancement).  The  isomerization  of  an/i-12'ihf+lt  to  syn- 
12’ihf+li  was  determined  by  reversible  first  order  kinetics  to  be  1.8  x  lO"^  s‘*at  20  °C;  Keq  at  this 
temperature  was  found  to  be  approximately  13  (Table  VIII).  Therefore  in  all  important  respects, 
addition  of  NBDF6  to  12'  is  similar  to  addition  of  NBDF6  to  3. 

If  more  NBDF6  is  added  than  is  necessary  to  consume  anti-l2’^{  in  a  photolyzed  sample, 
then  at  -4.0  °C  begins  to  react  with  monomer  to  yield  a  new  alkylidene  complex  with 

an  Ha  resonance  at  12.71  ppm  that  partially  overlaps  the  Ha  resonance  for  syn-12'thf+lt  at  12.69 
ppm.  Resolution  enhancement  allowed  ^HaMp  =  8.0  Hz  to  be  determined  as  well  as  Vhh  = 
1 1.7  Hz  for  the  olefinic  protons,  consistent  with  formation  of  a  cis  double  bond,  i.e.,  syrt-12',l,f  -» 
syn-12'thf+lc-  These  results  (summarized  in  equation  6)  are  analogous  to  those  found  for  the 
2,6-diisopropylphenyl  imido  complexes.  The  several  small  Ha  resonances  that  begin  to  appear 
-0.2  ppm  downfield  of  the  Ha  resonances  for  5yrt-12'thf+lc  and  syrt-12'ihf+lt  probably  result 
from  further  addition  of  NBDF6  to  syn-12'thf+l  complexes.  No  anti  multiple  insertion  products 
are  observed. 

-37°C  -4'’C 

thf*"  ^  ,hf  ,|,f  ►  syn-12’ tf,f+ Ic  (6) 

NBDF6  slow  NBDF6 

Reactions  Between  Mo(N-l-Adamantyl)(CHCMe2Ph)[OCMe(CF3)2]2  (15)  and  NBDF6  in 
Toluene. 

Studies  of  the  reaction  of  15toi  with  NBDF6  revealed  some  significant  differences 
between  an  adamantylimido  and  an  arylimido  complex  that  reveal  the  degree  to  which  the  imido 
ligand  is  likely  to  be  involved  at  a  fundamental  level  in  determining  polymer  structure.  Addition 
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of  about  3  cquiv  of  NBDF6  to  a  mixture  of  anri-15|oi  and  syn-lStol  results  in  the  immediate 
formation  of  a  dark  gray  color  as  the  sample  is  thawed  at  -95  °C.  At  -95  °C,  both  iyn-lStoi  (Hq 
at  1 1.70  ppm)  and  anri-15toi  (Ha  at  12.95  ppm,  Figure  8),  which  essentially  do  not  interconvert  at 
this  temperature,  are  consumed,  and  three  new  resonances  appear.  One  of  these  (at  12.15  ppm) 
can  be  assigned  to  Ha  in  5yn-15ioi+li  (olefinic  Vhh  ~14.5  Hz).  (Note  that  the  Ha  resonance  is 
not  a  well-resolved  doublet  under  these  circumstances,  although  it  is  a  well-resolved  doublet  at 
room  temperature;  see  later.)  The  Ha  resonance  at  13.39  ppm  can  be  assigned  to  anri-15toi+li 
(^•/HaHp  =  9.1  Hz;  Vhh  =  15.4  Hz).  The  third  resonance  (at  12.00  ppm)  does  not  appear  to  be 
an  Ha  resonance  for  a  monoinsertion  product  because  no  olefinic  proton  resonances  could  be 
found  that  go  with  it.  Furthermore,  this  unknown  intermediate  is  transformed  into  ann-15tol+li 
as  the  temperature  is  raised  to  -83  °C.  We  speculate  that  anri-lStoi  reacts  rapidly  with  NBDF6  to 
give  jyn-lStol+lt.  a  type  of  behavior  that  is  analogous  to  the  behavior  of  other  complexes 
discussed  so  far  here,  but  sy«-15tol  reacts  unexpectedly  rapidly  with  NBDF6  to  give  an 
intermediate  that  disappears  as  ann-lStoi+li  is  formed.  The  latter  behavior  (equation  7)  is 
completely  different  from  any  we  have  observed  so  far  in  this  study. 

syn-lSioi  +  NBDF6  — ►  intermediate  - ►  anri-15to|-t- 1,  (7) 

In  Figure  9  is  shown  the  result  of  further  reactions  of  anri-lStoi+lt  and  syn-15ioi+lt  with 
NBDF6.  As  more  NBDF6  is  consumed  syn  insertion  products  begin  to  dominate,  a  result  that  is 
consistent  with  the  only  slightly  greater  reactivity  of  anti  insertion  products.  It  is  interesting  to 
note  that  a  tiny  amount  of  syn- 15tol  reappeared  as  the  temperature  was  raised  from  -95  °C,  a 
result  that  suggests  that  formation  of  the  unknown  intermediate  may  be  reversible. 

Further  studies  were  carried  out  in  an  attempt  to  identify  the  unknown  intermediate. 
Addition  of  one  equiv  of  monomer  to  syn- 15  in  pentane  at  -95  °C  slowly  yielded  (over  a  period 
of  days)  a  purple-gray  solution  and  an  off-white  flocculant  precipitate.  Upon  warming  the 
sample  to  room  temperature  the  precipitate  dissolved  and  a  yellow  solution  was  obtained. 
Yellow  crystals  formed  upon  cooling  this  solution  slowly  to  -95  °C.  A  500  MHz  •H  NMR 
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spectrum  of  these  crystals  in  toluene-^fg  at  25°  showed  them  to  consist  largely  of  jyn-15toi+It 
(Figure  10;  5Hot  =  11.96  ppm,  icHa  =  128.3  Hz,  VnaHp  =  8.1  Hz)  and  a  small  amount  of 
anri-I5tol+lt.  We  propose  that  an?i-15tol+li  is  the  initial  product  of  the  reaction  between 
syn-15toi  and  NBDF6  and  that  syrt-15toi+ It  forms  by  isomerization  of  fln«-15tol+lt  at  25  °C  (Keq 
=  23).  The  chemical  shift  of  Hq  in  a«ri-15|oi+lt  (12.47  ppm,  25  °C)  and  the  coupling  constant 
(VnaHP  =  Hz)  are  considerably  different  from  the  values  obtained  at  -89  °C  (13.39  ppm, 
VhoHP  =  9.1  Hz),  although  SHa  and  VhoHP  for  sy /t-15tol+ It  do  not  change  significantly  with 
temperature  in  the  same  range.  Interestingly,  at  25*C  the  Hq  resonance  for  syn-15|oi+lt  is  a 
well-resolved  doublet,  not  the  broad,  poorly  resolved  resonance  found  at  low  temperatures 
(Figure  8). 

There  is  no  evidence  that  the  unknown  intermediate  formed  from  NBDF6  and  syn-15|oi  is 
an  insertion  product.  Therefore  it  must  be  either  an  olefin  adduct  or  a  metallacycle  of  a  type  not 
previously  seen;  in  either  case  olefin  could  be  lost  to  regenerate  syn-lStoi.  There  is  now  evidence 
in  the  literature  that  an  olefin  adduct  of  a  d®  tungsten  alkylidene  complex  can  be  observed  at  low 
temperatures.^’  If  the  unknown  species  in  our  system  is  formed  reversibly,  it  need  not  be  on  the 
pathway  to  formation  of  an  insertion  product.  However,  whether  this  unknown  species  is  a  true 
intermediate  in  the  reaction  of  5y«-lStol  with  NBDF6  to  give  anri-15toi+l,  or  not,  the  fact  that 
syn-15toi  reacts  with  NBDF6  at  a  rate  that  is  of  the  same  order  as  the  rate  at  which  anr/-15toi 
reacts  with  NBDF6  at  low  temperatures  is  still  an  important  finding,  one  that  differs  markedly 
from  the  results  involving  arylimido  complexes,  and  one  that  has  a  significant  impact  in 
determining  the  structure  of  the  resulting  poly-NBDF6  (see  below). 

Polymerization  of  NBDF6  and  Correlation  of  Cis/Trans  Structure  with  the  Nature  of  the 
Alkoxide. 

2,3-Bis(trifluoromethyl)norbornadiene  was  polymerized  employing  many  of  the 
complexes  examined  here  as  initiators  and  the  polydispersity  and  percent  cis  content  determined 
by  techniques  that  have  been  employed  previously.*®’^*  The  tacticity  of  such  polymers  is 
discussed  elsewhere.^®  The  results  are  listed  in  Tabic  IX.  All  polydispersities  are  low  (<1.17) 
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and  the  yields  are  high,  consistent  with  a  'living'  polymerization  process,^’^  except  in  the  case  of 
the  polymer  prepared  employing  15io)  as  the  initiator.  In  many  cases,  a  small  amount  of  a 
doubled  molecular  weight  polymer  is  observed  by  GPC  which  we  ascribe  to  reactions  involving 
traces  of  oxygen. The  molecular  weights  that  are  listed  are  based  on  calibration  with 
polystyrene  standards.  Variations  in  molecular  weights  may  be  real  (i.e.,  the  result  of 
experimental  error  in  initiator  concentration),  but  also  could  result  from  different  GPC  behavior 
of  polymers  with  different  cis/trans  structures  and  tacticities.  It  is  important  to  emphasize  that 
low  polydispersity  polymer  is  obtained  even  when  catalysts  that  are  relatively  active  for  the 
metathesis  of  ordinary  olefins,  such  as  3  in  toluene,  are  employed  as  initiators.  Therefore  the 
polymer  structure  is  the  result  of  only  primary  metathesis  reactions  (insertions  of  monomer). 
The  living  nature  of  these  particular  systems  can  be  ascribed  to  the  deactivated  nature  of  the 
monomer,  of  the  disubstituted  double  bonds  that  are  formed  in  the  polymer  backbone,  and  of  the 
intermediate  alkylidene  complexes,  all  by  the  powerful  electron-withdrawing  trifluoromethyl 
groups.  It  should  not  be  assumed  that  other  monomers  necessarily  will  be  polymerized  in  a 
living  manner  with  a  relatively  active  species  such  as  3  in  toluene.  The  solubility  of  poly- 
NBDF6  decreases  dramatically  as  the  cis  content  and  tacticity  increase.  For  example,  poly- 
NBDF6  made  employing  4toi  as  the  initiator  (77%  syndiotactic)  is  significantly  less  soluble  than 
polymers  made  from  3tol  (62%  isotactic)  or  5toi  (40%  isotactic).  (Tacticities  of  such  polymers 
will  be  discussed  elsewhere.^^) 

The  double  bonds  formed  in  poly-NBDF6  prepared  employing  3  ■  s  the  initiator  in  thf  are 
~98%  cis.*^  NMR  studies  presented  above  indicated  that  a  cis  double  bond  is  formed  upon 
addition  of  the  first  equivalent  of  NBDF6  to  jyn-3ihf  and  that  a  syn  first-insertion  product  is 
generated.  The  all  cis  structure  can  be  explained  if  we  assume  that  a  syn  rotamer  containing  a  cis 
double  bond  is  generated  upon  addition  of  NBDF6  to  5y«-3ihf+lc  and  each  succeeding  insertion 
product,  since  virtually  no  anti  rotamer  can  be  generated  at  any  stage  of  the  polymerization 
process  by  isomerization  of  a  syn  rotamer  (ks/a  =  3.1  x  lO'^  s'*  at  0  °C  for  3^1;  ks/a  <  2.9  x  10'^ 
s  ’  for  3ioi+l  at  0  ‘C;  Table  VIII).  We  also  know  that  NDBF6  adds  to  anti-3\t\{to  yield  only  a 
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syn  insertion  product.  Therefore,  only  syn  propagating  alkylidenes  are  kinetically  relevant,  there 
is  only  a  single  propagation  rate  (assuming  that  kp  is  independent  of  chain  length),  polymers 
having  a  narrow  molecular  weight  distribution  are  formed,  and  only  cis  double  bonds  are 
generated.  At  this  stage  it  is  not  known  whether  the  trans  double  bonds  that  are  present  are 
formed  when  monomer  adds  to  a  small  amount  of  anti  alkylidene  that  is  generated  by 
isomerization  of  a  syn  alkylidene,  or  when  a  monomer  adds  "incorrectly"  to  a  syn  alkylidene  to 
give  a  trans  metallacycle  instead  of  a  cis  metallacycle. 

Similar  results  were  obtained  employing  3'  in  toluene  (Table  VIII).  The  rate  of 
polymerization  was  qualitatively  faster  in  toluene  than  in  thf,  but  both  kg/s  and  ks/a  are  larger  in 
toluene  than  in  thf  and  ka/s  for  the  first-insenion  products  also  is  larger  in  toluene  than  in  thf 
(Table  VIII).  Therefore,  the  anti  rotamer  must  still  be  inaccessible  during  the  polymerization 
reaction.  On  the  basis  of  these  findings  we  propose  that  the  polymerization  proceeds  by  the  same 
mechanism  in  both  toluene  and  thf,  i.e.,  NDBF6  adds  to  the  four-coordinate  complex,  not  the 
five-coordinate  base  adduct,  and  in  the  same  manner  in  each  solvent.  High  cis  poly(NBDF6) 
precipitates  from  toluene  during  the  polymerization  reaction.  Nevertheless,  the  monomer  is 
consumed  completely  and  low  or  relatively  low  polydispersities  are  obtained. 

Polymerizations  employing  4ioi  as  the  initiator  required  more  time  than  those  employing 
3ioi.  These  findings  are  consistent  with  the  relative  olefin  metathesis  rates  of  ci5-2-pentene  by 
analogous  tungsten  complexes  (OCMes  <  ORpo  <  ORf3  <  DRf6^')-  The  slightly  lower  cis 
content  of  the  polymer  (95%)  obtained  employing  4  could  be  attributed  to  some  chain  growth  via 
anti  alkylidenes,  but  a  competing,  "incorrect"  mode  of  addition  of  monomer  to  the  syn  rotamer 
to  give  a  trans  metallacycle  cannot  be  ruled  out. 

Polymers  prepared  with  2'toi  (containing  ORf3  alkoxides)  contain  only  22%  cis  double 
bonds.  TTiis  result  is  consistent  with  the  reactivity  studies  discussed  above  since  we  know  that 
both  cis  and  trans  double  bonds  are  generated  when  NBDF6  is  added  to  syn-2ioi  at  low 
temperatures,  the  trans  double  bonds  probably  arising  via  me  reaction  between  NBDF6  and  anti- 
2toi.  The  same  is  likely  to  be  the  case  for  2’.  In  short,  in  a  bulk  polymerization  more  anti 


•  ••••••• 


25 


alkylidene  is  kinetically  accessible  during  polymerization,  and  trans  double  bonds  therefore  are 
formed  via  reaction  of  NDBF6  with  anti  intermediates. 

The  high  trans  content  of  polymers  prepared  employing  1  or  1'  as  the  initiator  provides  • 

further  evidence  for  a  correlation  between  trans  content  and  accessibility  of  the  anti  rotamer.  If 
the  syn  rotamer  of  1  and  subsequent  insertion  products  is  much  less  reactive  than  the  anti 
rotamer,  but  the  anti  rotamer  is  still  reactive  enough  to  form  polymer  and  syn  to  anti  conversion  • 

is  fast,  a  polymer  having  only  trans  double  bonds  should  be  generated.  An  alternative 
explanation  of  the  selective  formation  of  trans  polymer  by  1  (or  largely  trans  polymer  by  2’)  is 
that  the  mechanism  of  polymerization  that  gives  trans  polymer  is  different  from  the  mechanism  • 

that  gives  cis  polymer  (see  discussion  later).  The  trans  content  of  poly-NBDF6  prepared 
employing  1  was  virtually  the  same  in  samples  prepared  at  0*  or  52  ‘C,  at  catalyst  concentrations 
between  2  and  10  mM,  and  in  mixtures  of  toluene  and  thf.  The  cis  content  in  the  poly-NBDF6  • 

formed  employing  1 1  as  the  initiator  is  virtually  identical  to  that  prepared  employing  1  as  the 
initiator,  as  might  be  expected  on  the  basis  of  similar  alkylidene  isomerization  rates  in  1  and  11 
and  similar  steric  and  electronic  properties  of  f-butoxide  and  adamantoxide  ligands.  • 

Polymers  synthesized  with  initiators  that  contain  the  2,6-dimethylphenylimido  ligand 
were  virtually  identical  to  those  prepared  with  initiators  that  contain  the  2,6- 
diisopropylphenylimido  ligand.  A  polymer  formed  employing  lOtoi  was  found  to  contain  99%  • 

cis  olefins,  a  minor  improvement  over  the  cis  content  (95%)  in  poly-NBDF6  prepared  from  4ioi 
as  the  initiator.  The  higher  cis  content  could  be  ascribed  to  a  significantly  faster  propagation  rate 
for  sy/z-lO  in  toluene  than  for  syn-4  in  toluene,  since  little  difference  in  ka/s  between  lOtoi  and  4toi  ft 

was  found.  Such  a  rate  difference  could  be  traced  to  the  less  crowded  coordination  sphere  in 
lOtoi,  rather  than  to  a  change  in  the  electronic  nature  of  the  initiators.  It  should  be  noted  that  a 
dramatic  difference  in  structure  of  polyNBDF6  prepared  with  diisopropylphenylimido  and  ft 

dimethylphenylimido  binaphtholate  catalysts  has  been  noted  recently.^* 

Polymerizations  employing  complexes  that  contain  unsymmetrically  substituted  imido 
groups,  such  as  2-r-butylphenyl  imido,  again  can  be  explained  in  terms  of  anti  and  syn  rotamer  I 


accessibility.  The  polymer  synthesized  employing  12'thf  as  the  initiator  contained  only  72%  cis 
bonds  compared  to  -98%  cis  bonds  in  polymers  prepared  with  3'^  or  3',  even  though  both 
initiators  contain  F6  alkoxides.  The  fact  that  alkylidene  isomerization  rates  are  -250  times  faster 
for  12'thf  than  for  3thf  is  believed  to  be  the  primary  reason;  a  significant  amount  of  anti  rotamer  is 
accessible  on  the  time  scale  of  the  polymerization  and  therefore  some  trans  C=C  bonds  (28%) 
can  form.  Poly-NBDF6  obtained  employing  12'  in  toluene  was  identical  to  that  obtained 
employing  12'  in  thf,  in  spite  of  tht  fact  that  Keq  is  much  smaller  in  thf  than  in  toluene  (Table  II). 

The  rapid  alkylidene  isomerization  process  in  12'  that  we  propose  gives  rise  to  trans  C=C 
bonds  can  be  counteracted  to  some  degree  by  replacing  ORf6  alkoxides  with  ORf9  alkoxides, 
(cf.  ka/s  for  13toi  and  12toi;  Table  IV).  The  anticipated  result  was  that  poly-NBDF6  made  from 
13  has  a  much  higher  cis  content;  poly-NBDF6  made  from  13|oi  contains  99%  cis  double  bonds 
(versus  72%  for  12'toi)-  We  propose  that  the  anti  rotamer  cannot  compete  with  the  syn  rotamer 
when  ORp9  alkoxides  are  employed,  so  all  cis  polymer  is  formed. 

The  strong  correlation  between  anti  rotamer  reactivity  and  trans  content  and  between  syn 
rotamer  reactivity  and  cis  content  breaks  down  when  15  is  the  initiator.  Isomerization  rate 
studies  found  that  ka/s  values  for  IStoi  were  intermediate  between  those  for  2toi  and  3toi  (Table 
IV),  while  reactivity  studies  showed  not  only  that  anti  and  syn  rotamers  are  about  equally 
reactive,  but  both  produce  trans  C=C  bonds.  Therefore  one  might  have  expected  d\\-trans 
polymer  to  be  formed.  In  fact,  poly-NBDF6  prepared  using  15  as  the  initiator  contained  -20% 
cis  double  bonds.^^  Cis  C=C  bonds  must  result  from  propagation  reactions  that  are  less  trans 
selective  than  reactions  involving  the  initiator  (5yn-15— >anri-15+lt;  ann-15-4ryn-15+li). 

DISCUSSION 

One  of  the  important  questions  when  we  began  this  work  was  what  is  the  role  of  a 
coordinating  ligand  such  as  thf?  On  the  basis  of  what  we  have  described  here  we  conclude  that 
thf  most  likely  behaves  as  a  competitive  inhibitor,  but  only  when  the  metal  is  relatively 
electrophilic,  and  that  except  for  bulk  solvent  effects,  all  polymerization  steps  (and  alkylidene 
"rotations")  proceed  via  four-coordinate  imido  alkylidene  complexes.  The  results  presented  here 
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should  be  compared  with  those  described  in  a  thorough  study  of  cyclobutene  ring-opening  by 
W(NAr)(CH-t-Bu)(0-t-Bu)2  in  the  presence  of  trimethylphosphine,  which  emphasizes  {inter 
alia)  the  importance  of  decreasing  the  ratio  of  the  rate  of  chain  propagation  relative  to  chain 
initiation,  a  technique  that  also  was  employed  to  polymerize  acetylene  in  a  living  manner.^^ 
Both  anti  and  syn  rotamers  (~1;1)  were  observed  at  equilibrium  in  the  operating  W  catalyst 
system,  the  binding  constant  of  PMe3  to  W  was  large,  and  the  cis  content  of  the  resulting 
polycyclobutene  ( 1 ,4-polybutadiene)  was  -80%. 

The  main  result  of  the  study  described  here  is  that  the  high  cis  content  of  poly-NBDF6 
formed  when  Mo(NAr)(CHR')(OR")2  initiators  are  employed  that  contain  very  electrophilic  OR" 
groups’^  can  be  ascribed  to  chain  growth  via  syn  rotamers  as  a  consequence  of  (i)  the 
inaccessibility  of  an  anti  rotamer  via  rotation  about  the  Mo=C  bond  on  the  time  scale  of  the 
polymerization,  and  (ii)  addition  of  NBDF6  to  a  syn  rotamer  to  yield  another  syn  rotamer  and  a 
cis  C=C  bond.  Since  there  is  evidence  in  the  literature  that  a  base  will  add  to  the  CNO  face  of 
catalysts  of  this  type  when  the  alkoxide  is  ORf6  and  that  the  aryl  ring  rotates  into  the  equatorial 
plane  of  the  resulting  trigonal  bipyramidal  base  adduct  that  contains  the  imido  and  alkylidene 
ligands,  we  postulate  that  NBDF6  approaches  the  CNO  face  of  the  catalyst  so  that  the 
methylene  group  in  the  7  position  lies  approximately  over  the  "flattened”  arylimido  ring  (the  "7- 
syn"  position)  and  that  the  C=C  and  Mo=C  vectors  are  approximately  parallel  (equation  8). 
Formation  of  an  "all  cis"  metallacycle  and  subsequent  ring-opening  would  then  yield  a  cis  double 


bond  and  a  syn  insertion  product, 
of  the  proposed  mechanism,  not 


syn  +  lc 

(We  will  be  concerned  here  only  with  the  most  basic  features 
subtleties  such  as  rearrangement  of  the  metal  core  of  five- 
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coordinate  metallacyclobutane  intermediates,  the  degree  to  which  the  intermediate  metallacycle 
is  "bent"  in  various  core  geometries,  etc.M  If  the  monomer  adds  to  the  other  CNO  face  of  the 
initiator  then  a  syn+lc  product  would  be  obtained  that  has  the  opposite  configuration  at  Cp  in  the 
alkylidene  ligand  that  is  shown  in  equation  8.  The  cyclopentene  ring  and  polymer  chain  will 
then  adopt  the  most  favorable  (as  yet  unknown)  orientation  that  (we  will  assume)  does  not 
involve  coordination  of  any  double  bond  in  the  polymer  chain  to  the  metal.  (C^rdination  of  a 
double  bond  in  the  polymer  chain  to  the  metal  has  been  proposed  as  an  important  feature  of 
polymer  growth,  although  no  direct  evidence  of  coordination  of  a  C=C  bond  in  a  growing 
polymer  chain  has  been  uncovered. '^•^^)  The  two  faces  of  the  Mo=C  bond  are  now  inequivalent, 
so  the  orientation  of  the  cyclopentene  ring  that  is  adopted  will  determine  to  what  extent  the  next 
equivalent  of  NBDF6  will  add  to  the  same  side  of  the  Mo=C  bond  (in  the  same  way)  to  yield  an 
isotactic  polymer,  or  to  the  opposite  side  of  the  Mo=C  bond  to  yield  a  syndiotactic  polymer.^’ 
The  "7-syn"  orientation  of  the  monomer  is  preferred  in  arylimido  complexes  because  the 
relatively  flat  aryl  ring  must  lie  approximately  in  the  trigonal  plane  in  the  transition  state  shown 
in  equation  8  and  because  steric  interaction  between  the  incoming  NBDF6  and  the  R  group  of  the 
equatorial  alkoxide  (OReq)  is  thereby  minimized.  Steric  interaction  between  the  incoming 
monomer  and  the  alkylidene's  substituent  must  be  of  relatively  little  importance.  Steric 
interaction  between  the  two  alkoxide  ligands  prevents  the  equatorial  alkoxide  R  group  from 
simply  turning  toward  the  axial  alkoxide  and  thereby  creating  enough  space  for  the  monomer  to 
approach  the  CNO  face  in  the  "7-anti"  orientation  (180°  to  the  orientation  shown).  The 
dramatically  lower  reactivity  of  the  syn  Mo(NAr)(CHP)(ORF6)2  rotamer  (P  =  polymer)  relative 
to  the  anti  rotamer  might  be  ascribed  to  steric  interaction  between  the  growing  polymer  and  the 
ortho  substituents  in  the  NAr  ring  in  the  pseudo  trigonal  bipyramidal  transition  state  shown,  as 
suggested  by  the  structure  of  jyn-Mo(NAr)(CH-t-Bu)(ORF6)2(PMe3).*‘* 

Evidence  in  the  literature  suggests  that  bases  also  will  add  to  the  CNO  face  of  a 
pseudotetrahedral  catalyst  containing  an  anti  alkylidene  ligand  and  an  ORf6  alkoxide.*'*  If  steric 
interaction  between  the  incoming  NBDF6  and  the  equatorial  alkoxide  forces  the  NBDF6  to  add 
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in  roughly  the  same  manner  (the  "7-syn"  orientation),  then  the  anti  rotamer  will  give  rise  to  a  syn 
insertion  product  that  has  one  or  the  other  possible  configuration  at  Cp  and  that  contains  a  trans 
C=C  bond  (e.g.,  equation  9).  The  anti  rotamer  is  more  reactive  than  the  syn  rotamer  since  there 
is  relatively  little  steric  interaction  between  the  alkylidene  ligand's  Ha  (which  points  toward  the 
arylimido  ring)  and  the  arylimido  ligand's  ortho  substituents  in  the  pseudo  TBP  transition  state 
(eq.  9).  There  is  also  less  interaction  between  the  incoming  monomer  and  the  polymer  chain  in 
an  anti  rotamer  than  in  a  syn  rotamer.  If  the  anti  rotamer  is  several  orders  of  magnitude  more 
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reactive  than  the  syn  rotamer,  then  the  small  amount  of  trans  polymer  that  forms  in  systems  in 
which  the  alkoxide  is  very  electron-withdrawing  could  arise  via  addition  of  NBDF6  to  the  anti 
rotamer.  Reactivity  studies  involving  2  in  toluene  were  fully  consistent  with  this  proposal. 

An  important  question  is  whether  the  trend  toward  higher  trans  content  (up  to  98%  trans) 
as  the  alkoxide  becomes  less  electron- withdrawing  and  alkylidenes  rotate  rapidly  on  the  time 
scale  of  polymerization  can  be  ascribed  to  chain  propagation  solely  via  the  anti  rotamer  (equation 
10).  Since  Keq  is  ~103  and  only  ~2%  cis  polymer  is  formed,  an  anti  rotamer  that  gives  rise  to 

NBDFg  fast  NBDF^  etc. 

anti  - ►  syn+lt  _  ~  “  anti+1,  - ►  syn+2,.t  - ►  all  trans 
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polymer  that  contains  essentially  only  trans  C=C  bonds  would  have  to  be  approximately  five 
orders  of  magnitude  more  reactive  than  a  syn  rotamer  toward  NBDF6.  Although  this  large 
reactivity  difference  does  not  exclude  the  possibility  that  chain  growth  to  give  trans  polymer 
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takes  place  solely  via  anti  intermediates,  it  is  large  enough  to  require  that  serious  consideration 
be  given  to  the  possibility  that  chain  growth  occurs  via  a  mechanism  other  than  NBDF6  attack  on 
the  CNO  face  of  the  catalyst  as  the  alkoxide  becomes  less  electron-withdrawing.  The  only  other 
plausible  way  of  forming  a  metallacycle  intermediate  is  via  NBDF6  attack  on  the  COO  face,  but 
only  if  the  alkylidene  rotates  (in  either  the  syn  or  anti  rotamer)  by  up  to  90’  in  the  process  (e.g., 
equation  11).^^  In  this  case  the  direction  of  addition  to  the  Mo=C  bond  might  be  determined  by 
steric  interactions  between  NBDF6  and  the  alkylidene  substituent,  since  steric  interaction 

At 
N 

R 

/ 

=C 
\ 

H 


between  NBDF6  and  each  alkoxide  would  be  approximately  the  same  in  the  two  possible 
approaches  of  the  monomer  to  the  COO  face.  Considering  alkylidene  rotation  as  pan  of  the 
process  of  adding  an  olefin  to  the  metal  is  possible  only  because  alkylidene  rotation  is  fast  on  the 
time  scale  of  polymerization,  and  because  the  Mo=C  bond  in  a  "rotated"  alkylidene  probably 
would  be  inherently  much  more  reactive  than  the  Mo=C  bond  in  a  "normal"  alkylidene  that  lies 
in  the  N/Mo/C  plane.  (In  the  "rotated"  alkylidene  three  7i  bonding  LCAO's  constructed  from  the 
nitrogen  px,  carbon  py,  and  Mo  dxy  orbitals  contain  4  electrons;  one  electron  pair  would  be  in 
what  is  approximately  a  non-bonding  orbital.)  Therefore  at  this  stage  we  must  leave  open  the 
question  as  to  how  all  trans  polymers  are  formed. 

If  cis  double  bonds  arc  formed  selectively  by  CNO  face  attack  in  a  syn  rotamer  and  trans 
double  bonds  are  formed  selectively  by  CNO  face  attack  in  an  anti  rotamer,  then  the  catalytic 
reaction  can  be  said  to  involve  two  kinetically  distinct  pathways  related  by  an  equilibrium 
between  two  low  energy  species  (anti  and  syn  rotamers  in  this  case).  The  best  documented  and 
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perhaps  best  known  catalytic  reaction  in  this  category  is  the  asymmetric  hydrogenation  reaction 
catalyzed  by  chiral  rhodium  phosphine  complexes.^*  If  cis  double  bonds  are  formed  selectively 
by  CNO  face  attack  in  a  syn  rotamer  and  trans  double  bonds  are  formed  selectively  by  COO  face 
attack  in  either  rotamer  with  concomitant  alkylidene  rotation  by  90°,  the  two  reactions  still  could 
be  related  via  some  equilibrium  between  two  intermediates,  one  in  each  manifold.  It  is 
interesting  to  compare  a  competitive  CNO  and  COO  face  attack  with  a  similar  proposed  "face 
selectivity"  in  rhenium  imido  alkylidyne  bisalkoxide  complexes  that  are  catalysts  for  the 
metathesis  of  bulky  disubstituted  acetylenes.^^  It  was  proposed  that  only  bulky  disubstituted 
acetylenes  were  metathesized  because  they  were  forced  to  add  to  the  less  favorable  COO  face  for 
steric  reasons,  and  in  so  doing  were  denied  access  to  a  stable,  catalytically  inactive  type  of 
rhenacyclobutadiene  complex. 

The  results  of  reactivity  studies  of  NBDF6  with  15  and  the  results  of  bulk 
polymerizations  strongly  suggest  that  the  steric  properties  of  the  imido  ligand  are  of  fundamental 
importance  in  determining  polymer  cis/trans  structure.  The  approximately  equal  reactivity  of 
anti  and  syn  rotamers  and  formation  of  a  trans  C=C  bond  when  the  syn  rotamer  reacts  with 
NBDF6  are  characteristic  of  reactions  involving  15.  An  attractive  possibility  is  that  NBDF6  does 
not  add  selectively  in  the  "7-syn"  orientation,  but  primarily  in  the  "7-anti"  orientation  in  order  to 
avoid  steric  interaction  with  the  roughly  spherical  adamantyl  group  (equation  12).  The  "7-anti" 
approach  of  NBDF6  to  the  syn  rotamer  would  explain  the  jyn-15— >an«-15+lt  finding.  The  anti 
insertion  product  has  approximately  the  same  reactivity  as  a  syn  insertion  product  and  so  would 
also  react  with  NBDF6.  NBDF6  adds  to  anti-lS  in  the  "7-syn"  position  again,  perhaps 


syn 
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because  of  a  reduced  steric  interaction  between  the  monomer  and  the  alkylidene's  substituent  in 
the  anti  rotamer,  even  though  steric  interaction  with  the  adamantylimido  group  is  still  significant. 
Evidently  "mistakes"  beyond  the  first  insertion  of  monomer  yield  cis  C=C  bonds  and  therefore 
formation  of  some  cis  double  bonds  in  the  polymer.  However,  why  an  intermediate  is  formed 
rapidly  from  the  syn  rotamer,  and  exactly  what  that  intermediate  is,  is  still  a  mystery. 

We  hope  to  compare  the  findings  reported  here  with  those  obtained  in  systems  that 
employ  other  alkoxide  (or  phenoxide)  or  imido  ligands,  e.g.,  the  recent  variations  of  the 
complexes  studied  here  that  contain  binaphtholate  or  tartrate  derivatives,^^  and  other  monomers. 
An  example  of  the  extent  to  which  mechanism  can  depend  on  identity  of  the  monomer  is 
illustrated  by  some  recent  results  to  be  reported  by  Feast,  Ivin,  and  Gibson,  et  al.,  which  also 
provide  an  independent  check  of  one  of  the  rate  constants  reported  here.  They  found  that  1,7,7- 
trimethylnorbomene  is  polymerized  very  slowly  by  3  in  dichloromethane  to  give  an  all  trans 
polymer  at  a  rate  that  is  independent  of  monomer  concentration  and  with  a  rate  constant  that  is 
essentially  the  same  as  kg/a  at  298K  for  3toi  (7xl0'5  s*f  Table  VI),  consistent  with  a  rate-limiting 
conversion  of  syn  to  anti  rotamer  followed  by  relatively  rapid  reaction  of  the  anti  rotamer  with 
monomer  to  give  a  syn  insertion  product  that  contains  a  trans  C=C  bond.^*  (Evidently  the  rate  of 
reaction  of  1,7,7-trimethylnorbomene  with  syn  rotamers  is  negligibly  small.)  We  are  at  a  stage 
where  each  well-defined  catalyst  system  will  have  to  be  evaluated  carefully  and  objectively,  but 
it  now  seems  possible  that  an  understanding  of  how  to  control  cis/trans  selectivity  and  tacticity  at 
a  fundamental  level  is  in  the  offing.  Finally,  it  is  important  to  point  out  that  the  principles 
elucidated  here  are  also  likely  to  operate  in  many  classical  catalyst  systems,  since  few  are  likely 
to  contain  symmetric  catalysts  in  which  syn  and  anti  rotamers  cannot  exist  or  have  identical 
reactivities. 

EXPERIMENTAL 

All  manipulations  were  performed  in  a  Vacuum  Atmospheres  Glove  Box  or  using 
standard  high-vacuum  line  techniques.  Toluene-dg,  thf-dg,  C6D6,  and  methylcyclohexane-di4 
were  purified  by  vacuum  transfer  from  sodium  benzophenone  ketyl  or  by  passing  through 
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activated  alumina.  CD2CI2  and  glyme-dio  was  vacuum  transferred  from  CaH2.  NMR  spectra 
were  collected  on  a  Varian  VXR  500  MHz  spectrometer.  Chemical  shifts  are  reported  in  ppm 
downfield  from  tetramethylsilane  and  coupling  constants  are  reported  in  Hz.  Actual 
temperatures  during  variable  temperature  experiments  were  determined  by  monitoring  peak 
separation  in  neat  MeOH  below  room  temperature  and  ethylene  glycol  above  room  temperature. 
All  temperature  data  are  reported  to  ±1  °C.  UV/Vis  spectra  were  collected  on  a  Hewlett-Packard 
8452A  diode  array  spectrophotometer  using  a  1  cm  pathlength  septum-capped  quartz  cell. 

Mo(NAr)(CHCMe2Ph)(OCMe3)2.^  Mo(NAr)(CHCM  e2Ph)[OCMe(CF3)2l2,'' 
Mo(NAr)(CHCMe2Ph)(OAr)2,2  Mo(NAr)(CHCM  e3)[OCMe(CF3)2l2,^ 

Mo(NAr)(CDCMe3)[OCMe(CF3)2]2  (employing  M  e3CCD2MgCl),^  and 
W(NAr)(CHCMe3)[OCMe(CF3)2]2^’  were  prepared  according  to  literature  methods.  The 
synthesis  of  all  other  initiators  has  been  reported  recently  elsewhere. 

Photolyses. 

Photolyses  were  performed  on  solutions  of  the  initiators  in  sealed  high  resolution  NMR 
tubes.  Typical  concentrations  for  NMR  studies  varied  between  7.5  x  lO'^  M  up  to  0.15  M  (for 
some  equilibrium  constant  measurements).  The  apparatus  employed  for  photolysis  consisted  of 
the  NMR  sample  tube  supponed  in  a  quartz  dewar  containing  pentane,  hexane  or  heptane  as  a 
coolant,  a  cold  finger  of  a  low  temperature  refrigeration  unit,  and  a  thermocouple  for  temperature 
control.  The  dewar  was  further  supported  in  a  sodium  borosilicate  glass  jar.  The  temperature 
typically  employed  was  -85  °C.  1  was  photolyzed  in  a  methylcyclohexane-dia  glass  at  77K. 

A  medium-pressure  mercury  vapor  lamp  (Hanovia  673A^^)  was  employed.  It  was 
supported  in  a  box  with  a  small  rectangular  opening  at  one  end.  Two  2"  x  2"  filters  were 
attached  to  the  sodium  borosilicate  glass  jar  that  surrounded  the  quartz  dewar. 

Kinetics  of  Rotational  Isomer  Interconversion. 

After  photolysis  for  up  to  8  hours  at  -85  °C,  the  cold  samples  were  placed  directly  into  a 
preequilibrated  500  MHz  *H  NMR  probe  for  rate  constant  analysis.  (In  the  case  of  photolysis  of 
1  in  mch-di4  at  77K  the  NMR  probe  was  held  at  a  temperature  of  -120  °C.)  Samples  were 
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equilibrated  10  min  prior  to  data  collection.  Raw  data  were  collected  over  two  to  three  half-lives 
by  observing  the  disappearance  of  the  anti  resonance  with  respect  to  an  internal  standard 
(mesitylene).  For  all  initiators  other  than  3thf,  7toi,  12'thf,  and  15toi,  the  disappearance  of  the  anti 
rotamer  followed  simple,  irreversible  first-order  kinetics.'*®  The  rate  of  disappearance  of  these 
four  initiators  was  obtained  employing  reversible  first-order  kinetics  owing  to  the  small  value  for 
Keq. 

In  many  cases,  trace  quantities  of  diethyl  ether  from  the  glove  box  atmosphere  (up  to  1% 
relative  to  catalyst)  contaminated  the  initiator  solutions.  Diethyl  ether  is  basic  enough  to  bind 
only  to  the  anti  alkylidene  of  the  most  electrophilic  initiators  at  low  temperatures.  However,  it 
was  never  bound  to  a  significant  extent  at  the  temperatures  where  anti  converted  back  to  syn  and 
therefore  the  measured  rates  were  not  affected  by  its  presence. 

Measurements  of  Equilibrium  Constants. 

In  all  cases,  equilibrium  measurements  were  preceded  by  Tj  measurements  on  the  syn 
alkylidenes  and,  where  possible,  on  the  anti  alkylidene.  If  Ti  values  could  not  be  obtained  at 
room  temperature  for  the  anti  rotamers,  values  of  Ti  were  obtained  at  low  temperatures  in  the 
absence  of  interconversion,  where  it  was  found  that  T  i  for  the  anti  rotamer  was  always  equal  to 
or  less  than  the  value  of  the  syn  rotamer.  The  largest  value  obtained  for  T)  at  any  temperature 
was  4.1  sec,  and  generally  all  initiator  Ti  values  were  <1  sec  at  low  temperatures. 
Recommended  Ernst  pulse  widths  were  employed  under  the  assumption  that  T i  for  the  anti  Ha 
resonance  was  less  than  or  equal  to  that  of  the  syn  Hq  resonance.  Integrated  areas  were  obtained 
by  comparison  of  the  anti  resonance  with  the  downfield  satellite  (0.55  %)  of  the  syn 
resonance. 

Reactivity  Studies. 

The  following  is  a  typical  procedure:  60  mg  (0.078  mmol)  of  syn-3  was  dissolved  in  600 
pL  of  toluene-d^  or  thf-d^  in  a  thin-walled  NMR  tube  equipped  with  a  stopcock  adapter.  The 
solution  was  photolyzed  at  -85  °C  until  the  photostationary  state  was  reached  (-33%  anti 
rotamer).  From  0.33  to  5  equiv  of  2,3-bis(trifluoromethyl)norbomadiene  were  vacuum 
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transferred  either  neat  (5  equiv)  or  as  a  stock  solution  in  the  appropriate  solvent  onto  the  frozen 
solution.  The  frozen  solution  in  the  tube  was  not  previously  degassed,  therefore  upon  thawing 
N2  bubbles  evolved  which  served  to  mix  the  monomer  and  initiator.  Care  was  taken  to  maintain 
a  temperature  at  which  the  anti  to  syn  isomerization  rate  was  negligible.  The  cold  solution  was 
then  placed  into  a  precooled  NMR  probe  for  observation.  In  the  case  of  the  addition  of  0.33 
equiv  of  NBDF6  the  tubes  were  subsequently  sealed  and  photolyzed  again  at  -85  °C.  The  cold 
tubes  were  transferred  to  the  preequilibraied  NMR  probe  for  determining  the  rate  of  conversion 
of  anti  to  syn  first-insertion  product. 

Synthesis  of  the  first-insertion  product  of  IS. 

A  pentane  (1.2  mL)  solution  of  IS  (49  mg,  0.066  mmol)  was  transferred  to  a  glass  tube 
(fitted  with  a  Teflon  stopcock)  that  could  be  attached  to  the  high  vacuum  line.  A  stock  pentane 
solution  of  NBDF6  (1.54  mL  0.069  mmol)  was  syringed  into  another  tube  (also  fitted  with  a 
Teflon  stopcock)  that  was  similarly  attached  to  the  high  vacuum  line.  The  monomer  solution 
was  vacuum  transferred  onto  the  frozen  catalyst  solution.  The  solutions  mixed  rapidly  upon 
thawing,  but  15  piecipitated  anyway.  Reaction  commenced  when  the  temperature  reached  —95 
°C.  At  this  temf)erature  and  with  continued  mixing  the  color  changed  from  yellow  to  gray-purple 
as  15  was  consumed.  When  the  sample  was  allowed  to  warm  to  room  temperature  the  precipitate 
dissolved  and  the  color  returned  to  the  original  yellow.  The  solution  was  cooled  slowly  down  to 
-90  °C  over  several  days  during  which  time  yellow  crystals  formed  on  the  sides  of  the  tube. 
Pentane  was  removed  in  vacuo  and  the  tube  was  sealed  and  the  crystals  isolated  in  the  dry  box 
(yield  about  40%). 
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Table  I.  UVA'is  spectral  data  for  1, 1',  2, 2',  and  3'  (syn  rotamers)  at  25°C.® 


initiator 

solvent 

X  (nm) 

e  (L  mol‘*  c 

Mo(NAr)(CHCMe2Ph)(OCMe3)2 

1 

CH2CI2 

244 

20^00 

305 

10.300 

Mo(NAr)(CHCMe3)(OCMe3)2 

1' 

CH2CI2 

244 

17,400 

305 

8,700 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2 

CH2CI2 

244 

20,100 

305b 

9,600 

toluene 

288 

7.100 

338 

4,800 

THF 

221 

18,700 

250 

20,600 

305 

10,000 

Mo(NAr)(CHCMe3)(ORF3)2 

2* 

CH2CI2 

244 

17,500 

305‘> 

10,300 

Mo(NAr)(CHCMe3)(ORF6)2 

3’ 

CH2CI2 

244 

27,300 

305b 

17,000 

2  A  prime  indicates  a  neopentylidene  complex;  no  prime  indicates  a  neophylidene  complex;  see  Table  II 
for  other  nomenclature  and  abbreviations.  ^  Two  maxima  (see  Figure  1)  are  present  at  ~295  and  325  nm. 
^max  and  absorbance  values  listed  here  are  the  average  of  the  two. 
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Table  III.  Rate  Constant  Data  for  Complexes  of  the  Type  Mo(NAr)(CHCMc2Ph)(OR")2  “ 


TftPC)** 

ka/s(xl0^s 

Mo(NAr)(CHCMe2Ph)(OCMe3)2 

Imch 

-83.0 

1.96 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2tol 

-62.1 

0.902 

-57.3 

2.11 

-52.6 

5.44 

-47.6 

9.96 

-47.6 

10.8 

-44.5 

17.8 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2ihf 

-20.2 

0.409 

-16.9 

0.762 

-12.5 

2.07 

-7.8 

5.41 

-2.0 

14.5 

0.1 

19.4 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2inch 

-44.5 

11.7 

Mo(NAr)(CHCMe2Ph)(ORF6)2 

3tol 

-31.2 

0.589 

-26.1 

1.30 

-24.1 

1.74 

-20.8 

3.40 

-14.9 

6.21 

-10.6 

14.8 

-9.4 

13.6 

Mo(NAr){CHCMe2Ph)(ORF6)2 

3ihf 

23.3 

0.327 

28.3 

0.863 

33.0 

1.79 

33.0 

1.59 

38.0 

3.73 

39.2 

4.59 

46.1 

13.7 

Mo(NAr)(CHCMe2Ph)(ORFl3)2 

4tol 

-5.5 

0.757 

0.5 

1.17 

5.3 

2.15 

6.0 

2.93 

9.6 

3.99 

15.0 

11.3 

16.9 

13.4 

Mo(NAr)(CHCMe2Ph)(ORF9)2 

5|oi 

4.4 

1.08 

13.7 

3.40 

25.0 

15.5 

^mch  =  methylcyclohexane.  Other  abbreviations  as  in  Table  II.  Temperature  calibrated  with 
neat  methanol  below  25°C  and  neat  ethylene  glycol  above  25®C. 


•  •  •  •  • _ _  •  •  •  • 


Table  IV.  Rate  constants  for  all  other  initiators  of  molybdenum  and  tungsten  * 


T  (±l°C)b 

ka/s(xl0^S 

Mo(NAr)(CHCMe  3)(ORf3  >2 

2'tol 

-66.0 

1.08 

-56.0 

6.01 

Mo(NAr)(CHCMe3)(ORF6)2 

3'tol 

-27.4 

2.26 

Mo(NAr)(CDCMe3)(ORF6)2 

3'tol'dl 

-27.4 

1.10 

Mo(N-4-Br-2,6-/-Pr2C6H2)(CHCMe2Ph)(ORF6)2 

6tol 

-29.6 

1.90 

-26.1 

3.52 

-24.4 

3.55 

-20.8 

6.51 

-19.6 

7.20 

Mo(NAr)(CHCMe2Ph)(OAr)2 

7tol 

-42.0 

1.35 

Mo(N-2,6-Me2C6H3)(CHCMe2Ph)(ORF6)2 

9thf 

22.0 

0.451 

Mo(N-2,6-Me2C6H3)(CHCMe2Ph)(ORFi3)2 

lOtol 

0 

4.22 

Mo(N-2-t-BuC6H4)(CHCMe2Ph)(ORF6)2 

12tol 

-67.2 

0.835 

Mo(N-2-r-BuC6H4)(CHCMe3)(ORF6)2 

12'tol 

-70.0 

2.02 

Mo(N-2-r-BuC6H4)(CHCMe3)(ORF6)2 

12‘thf 

-2.0 

0.655 

Mo(N-2-t-BuC6H4)(CHCMe2Ph)(ORF9)2 

13tol 

-26.6 

5.99 

Mo(N-2-i-PrC6H4)(CHCMe2Ph)(ORF6)2 

Wtol 

-66.0 

0.44 

-60.0 

1.64 

Mo(N-l-adamantyl)(CHCMe2Ph)(ORF6)2 

15tol 

-38.5 

2.26 

-31.4 

5.75 

W(NAr)(CHCMe3)(ORF6)2 

16'tol 

-53.0 

1.32 

-51.8 

2.10 

-49.0 

2.14 

-43.0 

6.61 

-38.5 

23.9 

^  See  Table  II  for  abbreviations.  ^  Temperature  calibrated  with  neat  methanol  below  25°C  and 


neat  ethylene  glycol  above  25°C. 
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Table  V.  Calculated  activation  parameters  for  anti  to  syn  conversions. 


Initiator 

AHt  (kcal  mol-1) 

AS^  (e.u.) 

^0^298  (kcal  mol'^) 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2toi 

15.6  (0.5) 

-2  (2) 

16.3  (0.8) 

2ihf 

26.1  (0.5) 

25  (2) 

18.7  (0.8) 

Mo(NAr)(CHCMe2Ph)(ORF6)2 

3tol 

18.3  (0.7) 

-2  (3) 

18.8(1.1) 

3thf 

29.8  (0.6) 

21  (2) 

23.4  (0.8) 

Mo(NAr)(CHCMe2Ph)(ORFi3)2 

4iol 

20.4(1.6) 

-2  (6) 

20.8  (2.4) 

Mo(NAr)(CHCMe2Ph)(ORF9)2 

5tol 

20.7  (0.9) 

-2  (3) 

21.3(1.4) 

•  •  •  •  •  •  _ •  ♦  • 


Table  VI.  Calculated  ka/s  values  (using  AG^298  values  in  Table  V),  Keq,  and  values  at  298K. 


t 


Initiator 

ka/s(s*') 

Keq 

Mo(NAr)(CHCMe2Ph)(OCMe3)2 

Itol 

-500a 

1200 

Ithf 

-360a 

730 

Mo(NAr)(CHCMe2Ph)(ORF3)2 

2tol 

6.8 

1800 

2thf 

0.12 

1400 

Mo(NAr)(CHCMe2Ph)(ORF6)2 

3tol 

0.10 

1400 

3thf 

0.000042 

23 

Mo(NAr)(CHCMe2Ph)(ORFi  3)2 

^tol 

0.0034 

600 

Mo(NAr)(CHCMe2Ph)(ORF9)2 

5tol 

0.0015 

190 

3  Calculated  from  the  intercepts  in  Figure  3. 
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4 


4 


ks/a  (s’^) 

-0.4 

-0.5 

0.004 

0.00009 

0.00007 

0.000002  * 
0.000006 
0.000008 
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Table  Vn.  Aryl  group  rotation  for  2  and  3  in  several  solvents. 


Initiator 

Tc  (°C) 

Av  (Hz) 

krot  at  Tc  (s-')'> 

ASt  (e.u.) 

AGt298 

(kcal  mol'*) 

i-Pr  resonances 

employed 

5yn-2toi 

-80 

-323 

70 

methyls 

artti-2tol 

-90 

- 

fast 

- 

5yn-2thf 

-40 

88 

195 

methyls 

anti-lthf 

-50 

- 

fast 

- 

syn-3cD2C\2 

-60 

108 

240C 

-0.9 

10 

methyls 

anri-3cD2C12 

-90 

- 

fast 

- 

5yn-3tol 

-61.5 

59 

130d 

-1.8 

10.3 

methyls 

jy/i-3ihf 

-10 

116 

245 

17 

11.9 

methyls 

anri-3thf 

-10 

506 

1100 

27 

11 

methines 

2  Estimated  at 

-90°C.  ^ 

k  =  7t(Av)/2*/2.  c  Additional  k’s  were  obtained  at  -50°  (700  s''),  -40° 

(1900  S''),  and  -30°  (6000  s'')  on  the  basis  of  lincwidth  at  half-height  (wi/2  =  3.1  Hz)  at  -20° 
after  subtracting  Vhh  =  6.7  Hz  and  calculated  using  k  =  7t(Av)2/(2Aw)  where  Aw  =  w  -  wf. 
Activation  data  were  generated  from  a  plot  of  ln(k)  versus  \(T  (R  =  0.994);  AS^  =  -0.9  e.u.,  AH^ 
=  9.8  kcal/mol,  AGt298  =  10  kcal/mol.  <1  Ten  rate  constants  were  obtained.  Activation 
parameters  were  generated  from  a  plot  of  ln(k)  versus  MT  (R  =  0.997);  AS^  =  -1.8  e.u.,  AH^  = 
9.8  kcal/mol,  AG^298  =  10  3  kcal/mol. 


Table  VIII.  Comparison  of  kg/s,  Keq,  and  ks/a  for  initiators  and  first- insertion  products. 


3  Keq  =  kg/s/ks/a.  ^’Calculated  from  activation  parameters.  ^  Value  estimated  from  a  measurement  of 
14.6  at  60°C  with  a  temperature  dependence  similar  to  that  of  3ihf.  **  Calculated  kg/s  =  2.35  x  lO"^  s' 
•  for  at  20  °C  assuming  AG^298  =  20.5  kcal  mol'*,  AH^  =  27.4  kcal  nnol'*,  and  AS^  =  23  e.u. 
(based  on  2thf  and  3ihf). 


Table  IX.  Polymerizations  of  2,3-bis(trifluoromethyl)norbomadicne.® 


Initiator 

solv 

equiv 

time(h) 

Mn(calcd) 

Mn(found) 

PDI 

cis(%) 

1 

tol 

100 

3.5 

22814 

16600 

1.06 

3 

r 

tol 

102 

4.5 

23220 

15060: 

1.05 

2b 

1 

thf 

100 

3.5 

22814 

20600 

1.09 

2 

11 

tol 

108 

20 

24639 

27100 

1.14 

4 

2' 

tol 

50 

5 

11407 

11800 

1.10 

22 

3’ 

tol 

100 

1.2 

22814 

19500 

1.05 

984 

4 

tol 

40 

4 

9126 

6300 

1.08 

95 

5 

tol 

100 

2 

22814 

99e 

10 

tol 

39 

1 

8897 

5400 

1.11 

99 

12’ 

tol 

100 

0.4 

22814 

12500 

1.12 

72 

12' 

thf 

100 

20 

22814 

22300 

1.17 

72 

13 

tol 

100 

0.4 

22814 

18300 

1.10 

99 

15 

tol 

100 

20 

22814 

28000 

1.31 

19f 

^  All  polymerizations  yield  >90%  polymer  in  the  time  period  listed,  b  This  polymer  was  reponed 
elsewhere  (Bazan  et  al.,  J.  Am.  Chem.  Soc.  1990, 112,  ^  GPC  was  obtained  in  CH2CI2 

instead  of  thf.  Poly-NBDF6  prepared  in  the  presence  of  10  equivalents  of  acetonitrile  had  Mn  = 
15800,  PDI  =  1.06,  and  %  cis  =  98.  The  polymer  prepared  in  thf  was  vinually  identical  (Feast  et 
al.,y.  Chem.  Soc.,  Chem.  Commun.  1992, 1157).  ® Contribution  by  R.  O’Dell.  ^Contribution  by 
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H.  H.  Fox. 


